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NOTATION
K

hydraulic conductivity

Ksb

hydraulic conductivity of the soil–bentonite slurry

ks

saturated co-efficient of permeability

kw

unsaturated co-efficient of permeability

θ

water content

θw

volumetric water content

θr

residual water content

e

void ratio

h

pressure head (matric suction)

S

degree of saturation

S

a sink term

Se

effective degree of saturation [T-1]

Sr

Residual degree of saturation

a,b

constant

δ

constant that depends on the assumptions made for different soils

λ

pore size distribution index

g

gravitational constant

r

hydraulic radius

C

shape factor

m

soil water parameter which is positive for granular soil and negative for
unstructured soils of fine textures.

n

pore size distribution index

xii

Vw

volume of water content

Vb

bulk material volume

L

pore connectivity parameter

α

bubbling pressure or the inverse of the air-entry value

xiii

ABSTRACT
The construction practices of containment walls are extremely important in this
competitive economic market, but development is limited. Unsaturated zone is an integral
part of the geotechnical problems, as it affects on any kind of soils structures. The
unsaturated zone plays significant role in many aspects of water flow and contaminant
transport, including containment system such as: cut-off walls, infiltration, soil moisture
storage, evaporation, plant water uptake, ground water recharge, erosion, and runoff.
This research focuses on the hydraulic sustainability and performance of soil-bentonite
cutoff walls (Britton et al, 2004) models showing hydraulic behavior of barrier walls. The
cutoff wall are designed and constructed to stop contaminated flow which causes
contamination nearby useful fields permit excavation dewatering, and reduce seepage
beneath and through dams. Evans et al. (1995) proposed that there is a lack of
information about the in situ performance of vertical soil-bentonite cutoff wall
technology. The effectiveness of these cutoff walls depends on the hydraulic conductivity
of the soil-bentonite slurry, ksb. There are several methods available to measure the
hydraulic conductivity of soil-bentonite, but there is uncertainty of getting true
representative data for hydraulic conductivity that is happening in in-situ cut-off wall.
Among the various analytical and numerical models to predict water and or solute
transfer process, Richard‟s equation and Fickian-based convection-dispersion equation
for solute transport are most popular models. Hydraulic conductivity through cut-off wall
is modeled in this research with idealized initial boundary conditions and feed them to
HYRUS software to obtain different results, such as: soil water characteristics, suction
profile with depth, volumetric water contents etc. Here this is an effort to do something

xiv

one of the cheapest cut-off walls that can be designed instead of constructing heavy
construction. The cut-off can be constructed with soil-bentonite slurry which can resist
contaminant transport from particular place for a time of interests. There are some
researchers (Brooks and Corey, 1964, van Genuchten, 1980, Vogel and Cislerova, 1988,
Kosugi, 1995, Durner, 1994) who came up with good models on hydraulic properties of
soil and HYDRUS is based on those models.

xv

CHAPTER 1: INTRODUCTION
1.1 Background of the Study
Barrier technology has become extremely important recently in the field of geoenvironmental engineering. Such technologies include engineered barriers to minimize
contaminant migration. Engineered containment systems such as cut-off walls have been
used since 1970‟s to control ground water flow and solute contaminant transport in the
subsurface. Ryan (2007) reported that, one contractor alone has been involved in
approximately 1000 vertical barrier projects in the last 30 years. Cut-off walls have
proven to be a cost-effective pollutant barrier for landfills and other contaminated sites.
Of these barrier walls one of the most economic types is soil-bentonite (SB) cut-off walls.
The main objective of constructing SB cut-off wall is to contain contaminants on site for
the time period of interests. SB cutoff walls also allow excavation dewatering and it
blocks or reduces seepage through dams, levees kind of structures. Much research has
been done recently concerning the improvements of this type of containment wall. Evans
(1991) and Schneider (1994) provided good overviews of SB cutoff wall technology.
The construction of these walls has been a key issue in the research. Some examples of
the research on construction of cut-off walls that have been reported include: trench
remixing and deep wall (TRD) method (Evans 2007), self-hardening slurry methods as
slag-cement-bentonite and cement-bentonite (Opdyke and Evans 2005), and deep mixing
method using augers (Larsson 2005). Although there are many good methods for barrier
technology, soil-bentonite slurry cut-off walls are widely used, as stated earlier, because
they are economical. The cutoff walls are designed and constructed to stop contaminants
from a hazardous site from seeping through to a potable water source, crops, streams or
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other means of affecting the general population. The efficacy of these cutoff walls
depends on the hydraulic conductivity of the soil–bentonite slurry. There are several
methods available to measure the hydraulic conductivity of soil–bentonite in a laboratory
setting, but there is much uncertainty of getting true, representative, in-situ data for the
hydraulic conductivity of soil-bentonite walls. Due the unavailability of cost-effective
treatment technology, cleanup of many contaminated sites are is not feasible in the
foreseeable future and that‟s why performance period effectively for barrier system is
often undefined (Inyang and Galavo 2004).
Hydraulic properties of a particular soil are highly important to know because there are a
lot of engineering problems which are related to flow laws. All hydraulic properties of
soil fall into mainly either Darcy‟s fundamental theory of coefficient of permeability or
Flick‟s law of diffusion theory. The unsaturated hydraulic conductivity depends on soil
water content and it varies with different water contents in unsaturated soils. Unsaturated
hydraulic conductivity is one of the most important soil hydraulic parameters mainly
because it shows soil‟s water-retaining ability when soil pore space is not fully filled with
water. Because different soil water contents can be created in soil by applying different
suctions or negative pressures, measurements at different negative pressures provide a
series of values of the unsaturated hydraulic conductivity at different soil water contents.
Soil hydraulic conductivity is of great importance in the engineering design of
foundations, levees, earth-retaining walls, dams, sub-surface drainage systems, irrigation
systems, etc. Despite its importance, acquiring soil hydraulic conductivity data remains
one of the most difficult of soil properties to assess. Laboratory methods have limitations
due to the size of the samples. Considerable progress has been made in the development
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of methods for measuring soil hydraulic conductivity in the field when a water table is
present.
The hydraulic conductivity through cut-off walls is modeled in this study with idealized
initial boundary condition (variable head boundary condition) with average climatic data
(precipitation, temperature, evaporation) of three different regions (Louisiana, Denver,
Arizona) that are input into the finite element method software, HYDRUS, to observe
long-term hydraulic conductivity co-efficient (K), changes in K value with suction,
fluctuations of ground water table affecting K value etc. Ground water fluctuation is
considered based on only environmental factors such as, temperature, precipitation and
evaporation etc. The three different climatic zones are with completely different climate
such as: Tucson in Arizona is arid region with highest average yearly temperature among
the three regions and low precipitation rate, Denver in Colorado is semi-arid region with
lowest average yearly temperature among the three regions and medium precipitation
rate; Baton Rouge in Louisiana is hot region with highest precipitation rate among the
three regions. HYDRUS simulates two and three dimensional variably saturated flow of
water, heat movement and contaminant and solute transportation. This HYDRUS consists
of several interactive graphically based user interfaces. The wall being modeled in this
research is designed as an economical and easily-installable prototype.
1.2 Purpose and Scope of the Study
The main objective of this study was to investigate the hydraulic sustainability of SB cut-off
walls by developing finite element models that can be used to predict the performance of cutoff walls for a 20 years period of time.
The specific objectives are as follows.
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 Measuring the engineering properties of soil-bentonite backfill material in the
laboratory to ensure the properties are true representative in of the field backfill;
 Measuring volumetric water content at incremental suctions from 24 kPa up to
1500 kPa using consolidation test and Fredlund SWCC tests.
 Creating a model of soil-bentonite cut-off wall comparing with the field condition
with tested engineering properties using HYDRUS package;
 Measuring the hydraulic conductivity of the model slurry wall using HYDRUS
finite element package during drying and wetting period.
 Measuring the water retention properties and volumetric response of the soilbentonite backfill using HYDRUS.
 Comparing the experimental data with the data predicted by HYDRUS to assess
the potential for degradation in hydraulic conductivity of a soil-bentonite cut-off
wall considering under the field condition.
 Measuring in the models the volumetric water content and suction value of cut-off
walls in different geographical places with different climatic conditions in
different depth in the cut-off walls during pass of time after the time of
construction.
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CHAPTER 2: LITERATURE REVIEW
2.1 Overview of the Literature Review on Soil-Bentonite Cut-Off Wall
In this chapter a review of literature is presented on cut-off walls and its design and
construction issues. First of all the performance of soil-bentonite cut-off wall and how
different researchers came out with different decisions will be discussed. The
performance of soil-bentonite cut-off wall mainly depends on hydraulic conductivity of
the cut-off wall material, and different geographical locations, climactic conditions. So
the importance of soil hydraulic conductivity data in different fields will come next to
this literature review. Next review will be on the problems associated with determination
of actual hydraulic conductivity data according to methods and equipments. Then concept
of unsaturated soils along with hydraulic conductivity functions for unsaturated soils will
be covered which will talk about different empirical equations for determining hydraulic
conductivity. As the matric suction helps the slurry material located above the ground
water table to bring back the water content, so the matric suction comes into this study of
literature review. After that general Richard‟s flow equation and unsaturated soil flow
properties will be covered to know water flow depends on various factors. The general
physics concept of static pressure and pressure head will be discussed. After that how
model can be true representative of the actual field will be discussed because there is a
potential modeling part in the following chapter will cover cut-off wall‟s performance
using HYDRUS software. Finite element models for simulating fluid flow in the
unsaturated zone have become increasingly popular in the last few years (van Genuchten,
1980). Here models are depicted considering different geographical location with
different climactic condition to examine the performance of soil-bentonite cut-off walls.
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2.2 Performance of Soil-Bentonite Cut-Off Wall
A lot of effort has been given since long to design a good vertical barrier which can
perform effectively for long time. Hydraulic conductivity of a soil-bentonite cut-off wall
may vary due to different reason: cyclic wetting or drying, freezing or thawing,
deformation cracking, changes in stress etc. Interaction between the bentonite and
chemical constituents in groundwater (Evans 1993, Shackelford 1994) can also be a
reason for degradation of hydraulic conductivity in a cut-off wall. Numerous laboratory
and field studies have been done with some of these governing factors on geosynthetic
clay liners (GCLs) (Boardman and Daniel 1996, Krauss et al. 1997, Abichou et al. 2002),
but less emphasis has been applied on long-term hydraulic performance of soil-bentonite
cutoff walls.
SB backfill samples collected from a slurry trench cut-off wall immediately above the
ground water table suggest that substantial increases in hydraulic conductivity are
possible (Evans 1994). Evidence also obtained from laboratory studies that the substantial
increase in hydraulic conductivity with the influence of cyclic wetting and drying on
specimens of bentonite amended kaolin and a bentonite-admixed geosynthetic clay liner
(GCL) , particularly for water containing divalent cations (Sharma 2003, Lin and Benson
2000, Wheeler et al. 2003). It was expected to have similar potential to occur in soil with
appreciable amount of bentonite, although not much laboratory tests were done
specifically on soil-bentonite slurry. The effectiveness of soil bentonite may be lowered
during pass of time especially in the zone of fluctuating ground water table or above the
ground water table.
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A lot of studies have been done to understand the fundamental behavior and properties of
soil-bentonite backfill (Evans et al.1985, Filz et al. 1991, Britton et al. 2005, Henning et
al 2006). Most of the preliminary studies dealt with the use of barriers to control ground
water flow and contaminant transport below the ground water table because the
aforementioned studies showed that the saturated, well designed soil-bentonite mixed
slurry shows relatively constant low hydraulic conductivity of about 10-9 m/s unless it
gets affected badly by the contaminants in the ground water.
Performance backfill soil-bentonite material of cut-off wall after construction was not
assessed that much. Hydraulic conductivity of soil-bentonite slurry gets higher or not
after few years of construction was not examined broadly. Evans (1994) had done some
experiments on in-situ saturated hydraulic conductivity of a soil-bentonite backfill
collected from a cut-off wall at depth of approximately 1 m below and 1 m above the
water table. After testing the samples it was found that the hydraulic conductivity of the
material collected above the water table was considerably higher than the material
obtained below the water table. Even upon rewetting the samples collected from above
the ground water table, it was anticipated that the backfill material might regain its
original low hydraulic conductivity, but after testing the backpressure saturated sample it
showed the hydraulic conductivity remained higher than that tested on the backfill
material at the time of construction and that tested on the backfill material below the
water table. Due to insufficient data from the field, no conclusion can be drawn that
during pass of time whether the cut-off wall loses significant amount of water and
hydraulic conductivity gets considerably higher or not.
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2.3 Importance of Hydraulic Conductivity Data in Different Fields
Several engineering problems related to flow laws necessitates the quantification
hydraulic properties of soils. Different soils are having different hydraulic properties and
water retaining capabilities. There are wetting and drying processes always occur in a soil
due to climate which makes a soil either unsaturated or saturated. Pore water in soil voids
is driven out from a soil by either natural evaporation process or evapotranspiration
(Dorsey, 1940) of the vegetation on the earth surface and these processes creates upward
flux of water. Any kinds of precipitations such as rainfall, snow, fog causes downward
flux into the soil. The margin between upward and downward flux determines the local
pore water pressure conditions in a region. These flow data in terms of hydraulic
conductivity should be taken into account for a successful, stable, economic construction
practice. Due to a net upward flux, gradual aridity and cracking take into place in a soil
mass. Semi-arid and arid area have deep ground water table that is why soils over the
ground water table undergo negative pore water pressure. Upon wetting, the pore water
pressure gets increased and causes changes in the shear strength and volume of the soil.
As a matter of fact, when wetted many expansive soils get extreme swelling and any
other soils loss their shear strength profusely. During heavy precipitation, soils bearing
capacity and resilient modulus go down which eventually create numerous slope failures,
landslides, and cracks in road embankments. When wetted, soil interlocking breaks,
water get into soil gap, and a soil losses bearing capacity.
Terzaghi (1939) made a remark on dramatic impact of water in soil and that was, “In
engineering practice, difficulties with soils are almost exclusively due not to the soils
themselves but to the water contained in heir voids. On a planet without any water there
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would be no need for soil mechanics”. Vertical slopes or near vertical slopes are usually
used for different foundation, pipelines installation. In most cases for the backslope only
in a moist silty or clayey soil will stand at a near vertical slope for sometime before
failing. There are some common factors that cause failure of a backslope such as soil
type, the depth of excavation, the depth of tension cracks, the amount of precipitation.
As a matter of fact hydraulic data is necessary for this kind of situation so as to preplan
how long the excavation should be opened, otherwise if heavy precipitation encounters
the backslope may fail causing several damage and possible loss of life. In the event, that
a number of additional design and operational issues may be examined with a seepage
model. These design issues include, calculation of maximum exit gradient, pore water
pressure build up due to rapid drawdown, calculation of head loss etc.
As we all must know shear strength is controlled by the molecular structure for any
common engineering materials. When molecular bonds that hold the material together,
break due to different reasons, failure occurs.
Shear Force

Shear Force

Figure 2. 1 Shear failures in soil when particle roll and slide past each other due to
shear stress
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As the soil is a particulate material and physical mechanisms are different, so its shear
failure is much different like when stresses between the particles are such that they slide
each other, shear failure occurs (Fig 2.1).
Normally excavations those are done above the ground water table produce a loss in pore
water pressure and an increase in shear strength (Wang, F., and Shibata, H, 2007). But
during pass of time, pore water pressure increase gradually in the backslope, and that
result in loss of shear strength. Finally excavations become unstable and fail. That is why
a thorough understanding of unsaturated soil behavior is primary requirement along with
lot of predictions. Some relevant points are like what effect would be there if plastic
sheeting covering is used on ground surface, how much temporary bracing should be
used to ensure stability etc.
Since long much of the metropolitan areas are undergoing rapid urban growth. As a
result, a common consequence of urban growth is degradation of water resources and
environmental conditions. In forested watersheds, most precipitations infiltrate into forest
soils and are conveyed to a stream hours, days, or even months after a slow transit
through the shallow groundwater system.

Potential
Slip Surface

Tension
Cracks

Silty
Clay

Water Table

Figure 2. 2 Instability in an excavation
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2.4 Problems Associated with Determination of Actual Hydraulic Conductivity Data
According to Methods and Equipments
Normally there are two major techniques which are direct and indirect techniques for
determining hydraulic conductivity. Direct methods can be operated in the laboratory or
in-site. One commonly used instrument is Permeameter in direct method. There are
several indirect methods which follow volume mass properties of soil and soil water
characteristics curve. Actually direct methods provide good result in determination of coefficient of permeability since there is no proven theoretical prediction (Hillel, 1982). In
direct methods either pore water pressure or moisture content is determined, when other
variables are deduced from the soil water characteristics curve. Although in-situ test
normally better represent actual condition of a soil because soil would be undisturbed, but
laboratory tests are most cheap to run. Underground structures that meet the strength
requirements will not collapse, but they still may not have adequate serviceability or
performance. They may experience unwanted settlement, tilt, heave etc. Heave is most
common in expansive soils that swell when wetted. When ununiform settlement or
differential (Skempton and MacDonald, 1956) of a structure is, tilt occurs. These are all
due to change in water content in a soil.
2.5 Hydraulic Conductivity Functions for Unsaturated Soils
In unsaturated soils it is essential to know that the hydraulic conductivity is a function of
water content, θ, or pressure head, K(h), (van Genuchten, 1999)) for many problems linking
water flow and solute transport. More than a few laboratory techniques are developed for
direct measurement of the hydraulic conductivity for unsaturated soils (e.g., Klute and
Dirksen, 1986; Green et al., 1986; Dirksen, 1991), though they are error prone. Although
research continues to improve physical measurements of flow laws, but it is doubtful that
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one standard methodology will stand satisfactory for all flow related applications.
Consequently, considerable efforts have been devoted to the indirect estimation of the
hydraulic conductivity function (e.g., van Genuchten and Leij, 1992; Mualem, 1992).
These efforts are justified, since direct measurements of the hydraulic properties are
costly and time consuming and the results are erroneous, variable, and applicable to only
narrow range of saturation. Additionally, the number of measurements required to
adequately characterize K in the field is prohibitive given the natural soil variability.
Estimation of the hydraulic conductivity function is characteristically based on models
that consider the pore-size distribution of a soil (e.g., Mualem, 1976 and van Genuchten,
1980). Input data for these types of models generally include a measured or estimated soil
water retention function, and the saturated conductivity, Ks. The hydraulic conductivity
is derived by integration of elementary pore domains, represented by a specific pore
radius. The range of the predicted „K‟ function is generally limited to the saturation range
for which data are available. Since geometric descriptions of these parameters are not
available, they are evaluated empirically from more easily measured soils data such as
soil texture, bulk density, and organic matter content (e.g., van Genuchten, 1988) and in
HYDRUS software it is possible to input those soil data after testing a soil sample in
laboratory. Model parameters are often expressed as averages for the different textural
classes, with considerable uncertainty in predicted „K‟ functions.
The more the number of parameters, the more it leads to inaccuracy in determination of
hydraulic conductivity (e.g., Wosten and van Genuchten, 1988). Thus, there is a need for
models that accurately reflect phenomenological properties of observed hydraulic
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conductivity functions, but that hold as few unknown parameters as possible (e.g., van
Genuchten ).
It is known from many researchers that the direct measurement of permeability in the
laboratory for unsaturated soils could be time-taking, especially at high matric suction
value and for low water content value, because of low value of coefficient of
permeability of unsaturated soils. Indirect measurements of permeability can be obtained
from the functions which relate the water content and suction as in SWCC curve.
Unsaturated hydraulic conductivity can be expressed as functions of any of three
parameters (Leong and Rahardjo., 1997) such as water content (θ), void ratio (e), and
degree of saturation (S) as these parameters are interconnected. Those functions are such
as, kw=f(e, w); kw=f(S, e); kw=f(S, w) etc. As the water content of unsaturated soils
decreases, time duration of permeability test increases.
Generally permeability functions can be widely categorized into three groups (Leong and
Rahardjo., 1997), viz. empirical, macroscopic, and statistical etc. Although in direct
measurement of permeability can be performed in field or in the laboratory, but in field
measurement values can differ by various reasons such as macroscopic features,
assumptions made behind this. Fredlund and Rahardjo (1993) reasoned that the direct
measurement of permeability comprises steady state and unsteady state methods. In
which in steady state method a matric suctions is applied on a soil by axis-translation
technique (Hilf, 1956) and at equilibrium constant water content, a hydraulic gradient is
imposed across the soil sample. Finally, applying Darcian law the permeability is
obtained. In unsteady state method a cylindrical soil specimen is subjected to continuous
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water flow from one end and then flow rate at various points along the specimen are
determined by monitoring pore water pressure and water content at those different points.
In indirect method one statistical model of a soil-water characteristic curve which shows
a volumetric water content and matric suction plot, from which permeability function can
be inferred. This process is not as time-consuming as direct method, because the test only
last until when the water content in the soil specimen equilibrates the imposed matric
suction.
Table 2. 1 Empirical equations to determine k value
Researchers

Empirical equations

Gardner (1958)

k w  a wb , өw is the volumetric water a, b= constants

kw=unsaturated

content.
Cambell(1973),

2b 3

Ahuja(1974)


k w  k s  w
 s

Davidson et al.(1969),

k w  k s exp b( w   s )





 log( h)
and b 
 log( w )

coefficient of
permeability,
Өw=volumetric water
content.

Dane and Klute (1977)
Richards (1931)

Symbols

Өs=saturated

k w  a  bh

volumetric water
Wind(1955), Weeks and

k w  ah

b

content.

Richards(1967)
h=Matric suction
Subscript „s‟ denotes
saturated.
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There are some problems in indirect methods. One of the major problems is that it is very
hard to point out the end point where water content comes to residual stage at imposed
matric suction. Water volume changes should be accurate, especially at very high matric
suction. There may be some possibility of air diffusion through the porous stone which
disturbs the accuracy of determination of water volume. As the soil specimen shrinks at
high matric suction, soil volume determination becomes very hard and erroneous and it
also affects the accuracy of soil-water characteristic curve.
There are three types of function that can be engaged, viz. empirical equations,
macroscopic models, and statistical models etc. Empirical equations can be obtained
from direct measurement and equations describe variation of permeability with matric
suction and volumetric water content. The Table 2.1 shows many equations tailored by
many researchers.
Macroscopic model is a model which is flow through porous media that is assumed to be
similar to laminar flow of microscopic level (Leong, E.C., and Rahardjo, H. 1997). The
macroscopic flow is solved as a laminar flow to make a simplified general form which is
given below.
k r  S e

………………………..………………………………………………….( 2.1)

Where, Se = effective degree of saturation
kr = relative hydraulic conductivity
Se 

(S  S r )
(1  S r )

…………………..………………………………………………….( 2.2)

Where, S=degree of saturation and
Sr=Residual degree of saturation
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‘δ’ is a constant that depends on the assumptions made for different soils. The
macroscopic model is made without consideration of pore size distribution effect and
leads controversies in assessing the value of δ (Brooks and Corey, 1964). Brooks and
Corey (1964) expressed the term „δ‟ as:


(2  3 )
( )

……………………..………………………………………………….( 2.3)

Where, λ = pore-size distribution index.
Mualem (1976) expressed the term „δ‟ after taking data from 50 different soil samples:
  (3  2m)

………………………..………….……………………………….. (2.4)

Where, m = soil water parameter which is positive for granular soil and negative for
unstructured soils of fine textures.
Averjanov (1950) proposed the values δ =3.5, but Irmay (1954) derived equation (2.1)
theoretically with δ =3.0. For a wide variety of soils, δ =3.5 leads to a better conformity
with observations (Brooks and Corey, 1964; Boreli and Vachaud, 1966).
In statistical models, co-efficient of permeability is determined from SWCC curve.
Mualem (1986) incorporated statistical model based on some assumptions. One of those
is the pore size of radius ‘r’ are randomly distributed in the porous media which is
_

expressed as f(r). Another assumption is to incorporate average flow velocity (  ) given
by Hagen-Poiseulle‟s equation.

 r 2 g  d 
 
  
 C  dx 
_

……………………..…………………………………….. (2.5)

Where, „r‟= hydraulic radius;
(dΦ/dx) = hydraulic gradient;
g= gravitational constant;
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C= shape factor,

 =kinematic coefficient of viscosity etc.
The Hagen-Poiseulle‟s equation helps to determine the permeability of a pore channel.
Maule‟s (1986) other assumption is that the statistical models fall into three general
equations:
w

First equation:

k r  S en

d w

h

2 m

……………....…………... (2.6)

0

s

d w
0 h 2m
2

Second equation:

  w d w

   1 m
k r  S en  0s
 d w
  h1 m
 0

Third equation:

  w  w    

d 
2 m



h
k r  S en  0s

  w    d 
  h 2 m

0










……………….……………...(2.7)

……………..……...(2.8)

Where  is a dummy variable; n and m are constants which depend on soil
characteristics.
2.6 Importance of Soil Matric Suction
Soil suction plays a significant role in the behavior of unsaturated soils. Application of
unsaturated soil mechanics to practice requires measurement of soil suction. There are
number of devices and techniques available to measure total and matric suction. Some of
the methods are filter paper method, thermal conductivity sensors, tensiometers and
thermocouple psychrometers for measurement of total and matric suction.
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2.6.1 Theoretical Concepts of Soil Matric Suction
An unsaturated soil is a three phase system consisting of soil, water and air. It is generally
recognized as unsaturated soil behavior and properties are governed by two stress
variables: mean net stress (ζ - ua) and matric suction (ua – uw). Suction measurements
have now become essential when dealing with unsaturated soils. Suction affects the
engineering properties of unsaturated soils directly or indirectly. However, suction is
affected more by climatic conditions rather than loading conditions as in case with
positive pore water pressures in saturated soils. Due to the higher uncertainty in climatic
conditions, suction is more variable with time than positive pore water pressure.
Theoretically, soil or total suction consists of matric suction and osmotic suction and their
magnitudes can range from 0 kPa to 1 GPa. Currently, no single instrument or technique
exists that can measure the entire suction range with reasonable accuracy. Suction
measurement instruments are only available to measure suction up to about 10 MPa.
The theoretical concept of suction was developed in early 1900‟s and this concept was
first applied to unsaturated soils by Road Research Laboratory, now known as Transport
Research Laboratory (Croney and Coleman, 1948). Soil suction is commonly referred to
as the free energy state of soil water. The free energy of the soil water can be measured in
terms of the partial vapor pressure of the soil water. The thermodynamic relationship
between soil suction and the partial pressure of the pore water vapor can be written as:

h

u 
ln  v 
v w0 v  u v 0 
RT

………………………………………..………………..( 2.9)

Where, h = Soil suction or total suction,
R = Universal gas constant;
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T = absolute temperature;
vw0 = specific volume of water or the inverse of the density of water;
ωv = molecular mass of water vapor; uv = partial pressure of pore water vapor,
uv0 = saturation pressure of water vapor over a flat surface of pure water at the
same temperature.
Relative humidity can be used to calculate the free energy per unit mass of solution, E
(J/kg) or chemical potential, m (J/mol), as follows:
E


RT u v
RT

ln

ln( RH ) …………….……………………………….( 2.10)
v
v u v 0 v

Total suction,

(kPa)

The equation denotes the free energy per unit mass calculated for a given value of
relative humidity.

Relative Humidity, RH (%)

Figure 2. 3 Relationship between total suction and relative humidity

(T = 273.2 K)

2.6.2 Components of Soil Suction
The soil suction is commonly termed as total suction. It has two components, matric and
osmotic suction. The total suction is sum of matric suction and osmotic suction as
follows:
h = (ua – UW) + π

…………………………………………….. (2.11)

Where h= total suction,
ua = pore air pressure,
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uw = pore water pressure and
π = osmotic suction.
The total suction or free energy of the soil water is defined as the equivalent suction
derived from the measurement of the partial pressure of the water vapor in equilibrium
with a solution identical in composition with the soil water, relative to the partial pressure
of water vapor in equilibrium with free pure water. Matric or capillary component of free
energy is the equivalent suction derived from the measurement of the partial pressure of
the water vapor in equilibrium with the soil water, relative to the partial pressure of the
water vapor equilibrium with a solution identical in composition with the soil water.
Osmotic suction is the equivalent suction derived from the measurement of the partial
pressure of the water vapor in equilibrium with a solution identical in composition with
the soil water, relative to the partial pressure of water vapor in equilibrium with free pure
water. Osmotic suction does not seem to be sensitive to the changes in the soil water
content. As a result, a change in the total suction is quite representative of a change in
matric suction. Therefore, total suction measurements are of importance, particularly in
the high suction ranges where the matric suction measurements are difficult to obtain.
2.7 Flow Equation
In this case we can think about two- and/or three-dimensional isothermal uniform
Darcian flow of water in a variably saturated rigid porous medium and assume that the air
phase plays an insignificant role in the liquid flow process. The following modified form
of the Richards‟ equation can show the governing flow equation for these conditions:


h

[ K ( K ijA
 K izA )]  S
t xi
x j

…………………………………………….. (2.12)
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Volumetric water content, θ, is defined mathematically by θ= Vw/Vb (Where Vw is the
volume of water content and Vb is the bulk material volume), S is a sink term, t is time, xi
(1,2,..) are the spatial coordinates, KijA are components of a dimensionless anisotropy
tensor KA, and K is the unsaturated hydraulic conductivity function which is defined by
K(h,x,y,z)= Ks(x,y,z) Kr(h,x,y,z) ,

………………………..………………...( 2.13)

Where Ks is the saturated hydraulic conductivity and Kr is the relative hydraulic
conductivity.
2.8 The Unsaturated Soils Flow Properties
Chronologically there are five different analytical models for the hydraulic properties that
HYDRUS uses and those are (Brooks and Corey, 1964), (van Genuchten, 1980), (Vogel
and Cislerova, 1988), (Kosugi, 1995), (Durner, 1994). In unsaturated cases soil hydraulic
properties, θ(h) and K(h), are in general extremely nonlinear functions of the pressure
head.
The Effective water content (Se) according to Brooks and Corey [1964] are given by
S e | h |  n

when h<-1/α

S e  1 when h  1/ 

…….…………………..…………..…………..(2.14)
……………………..……..…………………..(2.15)

Hydraulic conductivity, K  K s S e2 / n  L  2 …………......….…………..……………..(2.16)
in which Se is considered to be effective water content, which is denoted by
Se 

 r
s r

……………………………………………..………..…………….(2.17)

Here α is bubbling pressure or the inverse of the air-entry value, θr and θs denote the
residual and saturated water content, respectively, Ks
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is the saturated hydraulic

conductivity, n is a pore-size distribution index, and L (value is 2.0 according to Brooks
and Corey) is a pore-connectivity parameter.
Van Genuchten (1980) used the statistical pore-size distribution model of Mualem (1976)
to obtain an analytical equation for the unsaturated hydraulic conductivity function in
terms of soil water retention parameters. The van Genuchten‟s equations are given by

s r
when h<0 ….…………………..…………..…………..(2.18)
[1 | h | n ] m
Or,  (h)   s when h  0 ……………………..……………..…………………..(2.19)
 ( h)   r 

K (h)  K s S eL [1  (1  S e1 / m ) m ] 2 where m  1  1 / n, n>1 ….….…………………..( 2.20)

Where, Ks
m

= saturated hydraulic conductivity
= soil water parameter which is positive for granular soil and negative for
unstructured soils of fine textures.

n

= pore size distribution index

Se

= effective degree of saturation

L

= pore connectivity parameter

h

= pressure head (matric suction)

α

= bubbling pressure or the inverse of the air-entry value

In van Genuchten‟s model, the pore-connectivity parameter L in the hydraulic
conductivity function was projected (Mualem, 1976) to be about 0.5 as an average for
many soils and this value was 2.0 in Brooks and Corey‟s model.
Vogel and Cislerova (1988) tailored the equations of van Genuchten (1980) to reason
flexibility in the description of the hydraulic properties near saturation and those are
depicted in the following equations which are also being used in HYDRUS.
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 ( h)   a 

m a
[1 | h | n ] m

When h<hs or  (h)   s when h ≥hs

……………( 2.21)

Hydraulic conductivity, K(h), function is given by,
K (h)  K s K r (h) When h≤hs

K ( h)  K k 

………………………..…………..…………….. (2.22)

(h  hk )( K s  K k )
When hk<h<hs
h s  hk

K (h)  K s When h≥hs

Or

…………………..…………...(2.23)

…………………..…………..…………………...(2.24)

Water Content, 

s

Hydraulic Conductivity, 

m
Linear Interpolation

Ks

Kk

Mualem's Model

a= r
0
Pressure head, h
(a)

0

hs 0
Pressure head, h
(b)

hk

hs

0

Figure 2. 4 Schematics of the soil water retention curve (Vogel and Cislerova, 1988)
The schematics (FIGURE 2.4) came from the equation tailored by Vogel and Cislerova.
In the equation by Vogel and Cislerova, Kr is basically in the form of,
Kr 

K k S e 1 / 2 F ( r )  F ( ) 2
(
) [
]
K s S ek
F ( r )  F ( k )

F ( )  [1  (

   a 1/ m m
) ]
m a

…………..…………..…………………....(2.25)

…………..…………..………………………….... (2.26)
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S ek  (

k r
)
s r

…………………………..……..…………..…………………..(2.27)

Vogel and Cislerova considered for a non-zero minimum capillary height, hs and replaced
the parameter θs in van Genuchten's retention function by a fictitious (extrapolated)
parameter θm slightly larger than θs. The difference between θm and θs is so nominal that
it does not affect the water retention curve. When θa= θr, θm= θk=θs and Kk=Ks, the soil
hydraulic functions of Vogel and Cislerova (1988) trim down to the original expressions
given by van Genuchten (1980). This equation stands that the predicted hydraulic
conductivity and measured hydraulic conductivity are almost the same, i.e Kk=K(θk) at
water content θk .
Kosugi (1996) suggested the following lognormal distribution model for Se(h) which is
also admirable in HYDRUS software package:
Se  (

  r
1
ln( h /  )
)  { erfc {
} When h<0
s  r
2
2n

……………..…………………..(2.28)

Mualem's pore-size distribution model (Mualem, 1976) now leads to the following
hydraulic conductivity function:
2
1
ln( h /  )
K  K S S e1 / 2 { erfc [
 n]} When h<0
2
2n

K  K S When h≥0

……………..………………....(2.29)

…………..……………………………..…………………..(2.30)

Durner (1994) who was one of the practitioners to produce water retention model with a
new fashion and he divided the porous medium into two (or more) overlapping regions
and suggested to use for each of these regions a van Genuchten-Mualem type function
(van Genuchten, 1980) of the soil hydraulic properties. He (Durner et al., 1999) reasoned
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that the linear superposition of the functions for each particular region gives the functions
for the composite multimodal pore system.

Se  w1[1  (1h) n1 ]m1  w2 [1  ( 2 h) n 2 ]m2

………….…..…………………..(2.31)

After combining the above equation with Mualem's model, the pore size distribution
becomes as
K (S e )  K s

(W1 S e1  W2 S e 2 )1 (W1 1 [1  (1  S e1

1 / m1

) m1 ]  W2 2 [1  (1  S e2

1 / m2

) m2 ]) 2

(W1 1  W2 2 ) 2
……………………………...(2.32)

In the above equation αi, ni, mi (=1-1/ni), and l are empirical parameters of the separate
hydraulic functions (i=1,2), and Wi are the weighting factors.
2.9 Concept of Static Pressure and Pressure Head in a Fluid
The pressure signifies the normal force per unit area at a given point acting on a given
plane. Since there is no shearing stresses present in a fluid at rest - the pressure in a fluid
is independent of direction. In physics for fluids, liquids or gases - at rest the pressure
gradient in the vertical direction depends only on the specific weight of the fluid.
Pressure changes with elevation can be expressed as below:
dp  dz

…………..…………..……………………………………………...(2.33)

Where ,

dp = change in pressure
dz = change in height
γ = specific weight

Here γ is expressed as

  g
Where,

…………..…………………………………………..……..…………..(2.34)
γ = specific weight
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g = acceleration due to gravity
As because the pressure gradient in vertical direction is negative, the pressure decrease
upwards. Therefore pressure decreases gradually upward above a ground water table. In
HYDRUS model the pressure above the ground water table is expressed as of negative
value.
Static pressure difference between two different elevations can be shown as
p 2  p1   ( z 2  z1 )

Where,

………………..……..…………………………………..(2.35)
z2 = level 2
z1 = level 1
p2 = pressure at level 2
p1 = pressure at level 1

Now the above equation can be re-written as
p1  p 2   ( z 2  z1 )

………………..…………………………………………. (2.36)

Or
p1  p 2  h

Where,
h

…………….………………… ……………..…………...……. (2.37)
h = z2 - z1 difference in elevation (z2 is above the elevation z1 in a fluid)

p1  p 2



………………………..……..………………………..……….… (2.38)

The h is pressure head, i.e., the height of column of fluid of specific weight γ that needed
to make a pressure difference of (p1 - p2).
A pressure difference of 50 kPa (kN/m2) is equivalent to
50 (kN/m2) /9.81 (kN/m3) = 5.1 m of water column
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2.10 Potentiality of Modeling in Understanding Water Migration through Soil and
Associated Phenomenon
Potentiality of modeling (Oren, 2002) and simulation can be highlighted in professional
implications, ethical implications, desirable research and development (R&D) areas in
science etc. Some areas are methodology, and technology of modeling and simulation,
trustworthiness, reliability, quality, efficiency in modeling and simulation. Simulation is
goal-directed experimentation with dynamic models, or we can say, models with timedependent behavior.

Figure 2. 5 Trench excavation for cut-off wall in Taylor Lumber, Sheridan, OR Josh
T.(McKnight, P.E., Project Manager, Geo-Con, Inc. Louay M. Owaidat, Regional
Manager, Geo-Con, Inc., Dated 09/22/2000)
HYDRUS software is enabling very important technology in many application areas. In
this study the water content profile with time, suction profile with time and depth, SWCC
curve with application model, changes in suction profile with different climactic
conditions and geographical locations can be simulated using HYDRUS. Some animation
can also be obtained like water flow, heat transport etc
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2.11 Use of Bentonite in Barrier Walls
Bentonites are commonly used sealing material used for many years for sealing in
different engineering purposes: foundation, hydraulic engineering, landfill construction,
encapsulating old contaminant deposits etc. In USA bentonites are used for more than 60
years (Koch , 2002). They have an outstanding chemical, structural property that helps to
protect the environment from negative effect of contaminant deposits. In 1950 the
development of diaphragm walling methods by Prof. Veder brought a significant growth
of using bentonite for civil engineering. After that development, the bentonite-cementfiller-mixes sealing walls were built since 1970 for containment of contaminated lands.
Since 1980, in Germany the bentonites were used for lining of landfills to lower the
hydraulic conductivity of mineral liners.
2.11.1 Properties of Bentonite
It is necessary to study the characteristics of bentonites before using them for different
sealing purposes. The bentonites are soil or rock containing a special type of clay which
was first noted in Fort Benton in Wyoming State of USA. The special feature of
bentonites is governed by “montmorllonite” of clay mineral that has the origin from
Montmorillon town in Southern France. In many places in Europe bentonites are
available, such as in Greece, Italy, Great Britain, Hungary, Bulgaria there are large
quantities of bentonites available.

Bentonite deposits normally contain Na-

montmorrilonite or Ca-montmorrilonite or both. Like in UK, benonite deposits mostly
contain Ca-montmorrilonite and those deposits are collected by open-cast mining. After
that the raw deposits are undergone by chemical- mechanical processes to produce
different finished products which are used in wide range of industrial application.
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The important for which bentonites are used in geotechnical engineering applications are:
cation exchange capacity; the swelling behavior due to adsorption of water molecules at
the interlayer cations and at the mineral surface; it has very small particle size compared
to other clay minerals like kaolinite, illite etc.
Table 2. 2 General guidelines on the application of bentonites I Civil Engineering
(Ref. Koch, 1989)
Description of works
Piling works and bored
pile walls
Diaphragm walling

Bentonite
used as
Slurry
Slurry

Cut-off walls (one or two
phase-method)

Slurry

Vib-wall (with H-beam)

Slurry

Hydroshield tunneling
tunnel boring machines

Slurry

Grouting works

Slurry

Pipe jacking Caisson
sinking
Dams, dykes, river
barrages, mineral liners
Basal and cap liners for
landfills/retention basins
Generation of lateral
pressure

Typical bentonite
dosage
30-60 kg
bentonite/m3
30-60 kg
bentonite/m3
40 kg
bentonite/m3+200
kg cement+filler
40 kg
bentonite/m3+300
kg cement+filler
30-60 kg
bentonite/m3

200 kg
bentonite/m3+150
kg cement
Slurry resp. 70-120 kg
paste
bentonite/m3
Powder
1-3% bentonite in
filler-sand-gravelwater-mixture
Powder or 10-40 kg
granules
bentonite/m2 to be
mixed with soil
Powder or Dry mixture with
granules
sand and gravel

Application
Excavation pits,
shoring works
Excavation pits,
shoring works,
retaining walls
Landfill contaminant,
vertical barriers
Ground water control,
seepage barrier
Tunnel boring works in
loose soil and below
ground water table
Sealing and
strengthening of
substrata
Lubrication to
minimize friction
Plastic clay core with
low permeability
Seepage control,
ground water protection
Swelling pressure for
displacement of
construction members

Bentonites are used either in form of a water-based slurry, or in granular form (Koch D,
1989). Water based slurry are the most common form of application in civil engineering.
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Many countries in UK have using bentonites in different civil engineering applications
such as horizontal landfill liners, vertical cut-off walls, hydroshield tunneling, grouting
works, pipe jacking caisson sinking, dam, dykes, river barrages mineral liner, generation
of lateral pressures etc.
Table 2.2 shows the general guidelines of application of bentonites which was referred
from the table given by Koch, D (1989).
In this study only the historical use of bentonites in vertical barriers will be discussed.
Vertical barriers with soil-bentonite slurry are used for the containment old hazardous
contaminant landfills. Generally cut-off walls reach depths from 20m to 60 m with
thickness between 0.6 m and 1.2 m. First slurry trench cut-off wall was built in USA in
1945 with a depth of 12 m and a thickness of 1.2 m, which was excavated with a standard
backhoe with a long boom and after excavation filled with clay as a sealing material.
Next stage of experiments was the excavated soil was mixed with cement and bentonite
slurry and the trench was refilled with this sealing mixture. It was observed that bentonite
slurry remains homogeneous and saturated mixture for long period of time.
2.12 Main Points in Literature Review
In this literature review the past research effort is discussed, how fluctuating water table
could affect to the performance of cut-off wall is discussed. In addition, it is explained
that how the exact field hydraulic conductivity data is hard to obtain. The use of bentonite
in different civil engineering activities is also tabulated.
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CHAPTER 3: EXPERIMENTAL SETUP AND MATERIAL CHARATERISTICS
3.1 Material
The soil bentonite (SB) material was of mainly fine mortar sand, which was mixed with
bentonite-water slurry. Dry bentonite can be added in the mixture until it reaches a
hydraulic conductivity of 2x10-10 m/s or less and a slump of 100 to 150 mm. The soilbentonite slurry was prepared with fine mortar sand containing bentonite varying 2%,
4%, and 5.5%. The soil-bentonite slurry was prepared with different percentages of
bentonite to achieve target slumps of 125 mm ±12.5 mm so that it can attenuate the
hydraulic conductivity. The sodium bentonite is commercially available under the trade
name Naturalgel (Wyo-Ben, Inc., MT) and is normally used in containment wall, piles
during drilling etc. The soil-bentonite slurry was prepared in the Geotechnical Laboratory
in a manner that can be easily replicated in the field. The dry sodium bentonite available
in the market is not really 100% dry, and generally has some moisture content (9 -10%)
because of its high affinity for water.
Table 3. 1 Natural water content of Bentonite
Water Content of bentonite
Item
Mass of moisture can (g)
Mass of moisture can + wet soil(g)
Mass of moisture can + oven dry wet soil(g)
Mass of moisture (g)
Mass of dry soil (g)
Moisture content (%)
Average moisture content (%)

Test no.
1
2
3
15.42 16.53 15.01
29.62 30.21 28.12
28.42 29.47 27.37
1.20 0.74 0.75
13.00 8.00 8.10
9.23 9.25 9.26
9.25

Table 3.1 shows the natural water content of dry bentonite which available in the market.
They look dry but they are not fully dry.
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The soil-bentonite slurry was prepared in a high speed colloidal shear mixer. Figure 3.1
shows the high speed colloidal shear mixer with necessary arrangement.

(a)

(b)

Figure 3. 1 (a) High speed colloidal shear mixer; (b) Hobart Mixer for SB Backfill
Another measurement for properties of soil-bentonite backfill was to achieve target
slumps of 125mm+12.5 mm. For slump tests, mini-slump cone was used which gives the
target slump with a formula.
Slump=60+1.8x Mini-slump (provided by Prof. Malusis, Bucknell University)
With mini-slump cone device (FIGURE 3.2) the slumps of SB materials with 5.5%,
4.0%, 2.0% bentonite were 119 mm, 119 mm and 118 mm respectively. One thing is very
clear that all the three samples are having almost same slump.
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Figure 3. 2 Mini-slump cone equipment
3.2 Material Characteristics and Preliminary Testing
Sodium bentonite falls mainly under the group of clays montmorillonite. Sodium
bentonite is called the swelling type of clay (Koch. D., 2002), which has single water
layer particles containing Na+ as the exchangeable ion. Bentonite has excellent water
absorption capacity, which is much higher than ordinary plastic clays. When the sodium
bentonite is saturated its volume is approximately 14 times greater than its original
volume.

Figure

3.3

shows

how

Na-bentonite

Na-bentonite when air-dry

gets

expand

in

water.

Na-bentonite in water
hydrated cations

d001: Infinity
d001: 1.2nm

Na+ ions
Water molecule
high swelling capacity
collidal dispersion of elemental partcles

(hydrationshell with 2 mplecules H2O )

Figure 3. 3 Swelling of Bentonite (redrawn from paper by Dietrich Koch, 2002)
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They can create excellent gels, which is used for the preparation of drilling muds, slurry
walls and other applications. Sodium bentonite, the swelling type of bentonite, when
dispersed in water separates into suspendible flakes.
3.2.1 Initial Dry Density
Minimum dry density tests were performed according to ASTM D 4250, method-B
which is depositing material into a mold by extracting a soil filled tube. In this standard,
density is given only in SI units. Once the density has been determined, the unit weight is
calculated in SI or inch-pound units, or both. Average minimum dry density of the soilbentonite slurry was found to be 1.356 g/cm3.
3.2.2 Water Content
Standard test methods for laboratory determination of water (moisture) content of soil
given in ASTM D 2216-05 were applied here for soils-bentonite slurry. Materials were
kept in the oven at the standard drying temperature of 110°C. Volumetric water content
of the soil-bentonite slurry with 5.5%, 4.0%, 2.0% bentonite were 0.490 cc/cc, .0.482,
0.475 respectively. Similarly, gravimetric water content of the soil-bentonite slurry with
5.5%, 4.0%, 2.0% bentonite were 39.14%, 38.74%, 38.52% respectively.
Table 3. 2 Water content of bentonite after blending
Item
Can no.
Mass of moisture can (g)
Mass of moisture can + wet soil(g)
Mass of moisture can + oven dry wet soil(g)
Mass of moisture (g)
Mass of dry soil (g)
Moisture content (%)
Average moisture content (%)
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Soil-bentonite slurry with
5.5%
4.0%
2.0%
bentonite
bentonite bentonite
105
AL
104
31.99
31.71
32.11
181.96
182.17
170.87
139.77
140.16
132.28
42.19
42.01
38.59
107.78
108.45
100.17
39.14
38.74
38.52
38.80

3.2.3 Specific Gravity
Specific gravity of soil soild is normally used to calculate phase relationship of soils,
such as degree of saturation and void ratio. Specific gravity is unit less and it‟s a ratio of
the mass of unit volume of soil solids to the mass of same volume of gas-free distilled
water at 20oC according to the ASTM D 854-02. Specific gravities of bentonite slurry
with 2%, 4% and 5.5% bentonite are 2.65, 2.67, and 2.70 respectively.
Table 3. 3 Specific gravity of soil-bentonite slurry
Soil-bentonite slurry with
Item

2.0%
4.0%
5.5%
bentonite bentonite bentonite

Mass of flask+Water filled to the mark, W1
(g)
Mass of flask+Soil+Water filled to the mark,
W2 (g)

675

674

688

741

739

756

Mass of dry soil, Ws (g)

106

104

108

Mass of equal volume of water as the soil
soild, Ww (g) =(W1+Ws)-W2

40

39

40

Specific gravity, Gs = Ws/ Ww

2.65

2.67

2.70

3.2.4 Grain-Size Distribution
Grain-size distribution tests were performed in accordance with the method given in
ASTM D 422 which covers the quantitative determination of the distribution of particle
sizes in soils. The distribution of particle sizes smaller than 4.75 mm (Passing through
No. 4 sieve) and larger than 75 μm (retained on the No. 200 sieve) is determined by
sieving, while the distribution of particle sizes smaller than 75 μm (Passing through No.
200 sieve) is determined by a sedimentation process, using a hydrometer to secure the
necessary data. Figure 3.4 shows the grain-size distribution of soil-bentonite slurry
materials with varying bentonite content.
35

Figure 3. 4 Grain-size distribution of SB backfill material
3.2.5 Plasticity Index
Determination of the liquid limit, plastic limit, and the plasticity index of soils were
performed according to test methods given in ASTM D 4318-05. Soil-bentonite is a nonplastic material.
3.2.6 Consolidation Test
A total three numbers of consolidation tests were performed in accordance with the
ASTM D 2435-04 method which covers procedures for determining the magnitude and
rate of consolidation of soil when it is restrained laterally and drained axially while
incrementally controlled-stress loading is applied. The soil-bentonite slurry was placed
into a steel ring of diameter 63.31 mm and height 25.34 and then extra material was
trimmed properly. Before applying incremental loading the specimens were placed in the
consolidometers under a small seating load for a minimum of 24 hours.
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Figure 3. 5 Example of Consolidation test results
After that, loading was applied incrementally with the following steps: 24, 48, 96, 192,
384, 768, 1536 kPa. The specimens were unloaded in the same stepwise manner. Each
loading and unloading step lasted for 24 hours. After deformation was complete for each
stage of loading sequence which is 24 h for after each loading, volumetric water contents
were computed using final thickness of specimens after each increment. Figure-3.5 shows
an example of the results of the consolidation test.
3.2.7 Direct Shear Test
Direct shear tests were performed according to the standard ASTM D 3080 for soilbentonite slurry materials containing 2%, 4%, 5.5% bentonite respectively. All the three
soil-bentonite slurry materials remolded in the shear box after taking initial moisture
content, initial void ration and specific gravity. After that the each sample was taken to
automated Digishear apparatus. Each sample was remolded three times for three normal
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stresses: 1000 psf, 2000 psf and 3000 psf. There is a possibility of minimal change in
density when the samples were remolded. The friction angles of 2% bentonite, 4%
bentonite and 5.5% bentonite mixtures were 42.0o, 42.4o, and 41.4o respectively. The
cohesion of 2% bentonite, 4% bentonite and 5.5% bentonite mixtures were 21.7 psf, 39.8
psf, and 63.3 psf respectively. Although in the SB material major part was mortar sand,
but they get little cohesion after mixing with bentonite and water.

Figure 3. 6 Direct shear test (2.0% bentonite)

Figure 3. 7 Direct shear test (4.0% bentonite)
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Figure 3. 8 Direct shear test (5.5% bentonite)
3.2.8 Falling Head Permeability Test
Three samples were taken separately in the falling head permeameter apparatus. All the
tests were done in falling head permeameter in accordance with the ASTM D 5084-03.

Figure 3. 9 Permeability test using falling head permeameter
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FIGURE 3.9 shows the general arrangement of falling head permeability test equipment.
The co-efficient of permeability of bentonite slurry with 2%, 4% and 5.5% bentonite are
1.686 x 10-9, 8.535x 10-10, and 2.059 x 10-10 respectively.
3.3 Experimental Set-up for Fredlund SWCC Apparatus and Specimen Preparation
A series of laboratory tests were conducted to determine Soil Water characteristic curve
(SWCC). The soil-bentonite slurry were taken in consolidation steel rings and tested in
accordance with ASTM D2435-04 so that they can be used in SWCC device. Normal
practice to prepare soil samples from disturbed samples for SWCC device is to conduct
proctor compaction test or modified compaction test. As because the soil-bentonite slurry
seems to be too loose to be placed in compaction mould and run the compaction test, so
consolidation tests were done instead of compaction test. Samples were tested in the
Fredlund SWCC Device which is a simple unsaturated soil testing apparatus for applying
matric suctions (from near zero values up to 1500 kPa (i.e., 15 bars).

Small Dead Weight
Container
Porous Stone
Filter Paper
Soil Specimen
Filter Paper
Porous Stone

Figure 3. 10 Soil specimen saturation procedure
At the end of the consolidation test the steel ring containing soil specimen was placed on
a porous stone covered with filter paper and placed in a container since it was to
determine drying SWCC. The container was filled with demineralized water until the
water level is about 2 mm below the top of the specimen. This offers conditions for
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saturation of the soil specimen from the bottom side. Soil specimen should not be kept
totally submerged since this could block the release of entrapped air from the specimen.
The specimen was kept in the container for 48 hours to get fully saturated soil. Next step
was to take out the soil specimen and take weight. After that it can be tested in the
Fredlund SWCC Device.
3.4 Description of the Fredlund SWCC Device
The Fredlund SWCC Device is a simple unsaturated soil testing apparatus for applying
matric suctions from near zero values up to 1500 kPa while following various stress
paths.
Opening L

Opening R

Volume Tube

Load Plate
Load Shaft

Top Plate
Cell wall
Soil Specimen
5 Bar Ceramic Stone

Bottom Plate

Figure 3. 11 Fredlund SWCC device line diagram
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The features of this device are application of vertical pressure, tracking overall volume
changes, tracking water content changes, applied suction up to 1500 kPa (i.e., 15 bars),
both drying and wetting curves can be measured, dual pressure gauges and regulators for
precise pressure control, pressure compensator on the loading ram, stainless steel
construction with hand-operated knobs for fast setup, null-type initial suction
measurement using axis-translation technique (optional, requiring a pressure transducer),
ability to flush the measured diffused air, hanging column option for applying low
suctions in 1 to 5 kPa range, heat control (optional) for preventing vapor condensation
inside the cell etc. This device is capable of applying one-dimensional loading, Ko, to a
specimen with a diameter up to 71 mm. This device can be performed on disturbed and
compacted, initially slurried, or undisturbed specimens, starting with either dry or wet
conditions. This device can be considered as complete „turn-key‟ system. At a time one
soil specimen can be used in this device to obtain entire SWCC with any number of
equilibrium data points.
The Fredlund devise also includes the necessary plumbing and valves for periodic
flushing and measuring of diffused air. Several different high-air-entry-values (HAEV)
ceramic stones rated at 100, 300, 500, and 1500 kPa can be easily interchanged.
The suitable ceramic stone can be selected depending on the soil type to be tested. The
vertical load which is applied on the soil specimen is similar the overburden pressure in
the field and so it is like a token load.
The purpose of a token load helps provide a positive contact between the soil specimen
and the ceramic stone for efficient water migration to and from the soil specimen.
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FIGURE 3.12 shows the testing is running in Fredlund SWCC device with soil-bentonite
slurry specimen.

Figure 3. 12 Testing is running in Fredlund SWCC device
For each pressure increment water released or absorbed by the soil specimen can be
quantified using the volume tube readings, which enables the computation of water
content at any given time. For the soil-bentonite slurry only drying test was done, because
wetting test was little difficult to run.
3.5 Accessories Needed for SWCC Test
Some accessories are needed for the SWCC Test in Fredlund device. Some items are not
commonly available in the laboratory such as ceramic stones, epoxy kits etc. TABLE 3.4
shows the accessories which are necessary in the laboratory to run SWCC tests accurately
according to the GCTS‟s guidelines.
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Table 3. 4 Accessories for SWCC Test
Accessories

Use

Vernier Caliper

For measuring height of soil specimen

Consolidation test set

For consolidating soil samples

Dead Weights

100 g, 500 g, 1 kg, 2 kg, 5 kg, 10 kg

Ceramic stone

5 bar stones

Epoxy kit

For gluing ceramic stones

Masking tape

For covering ring and ceramic stone for gluing

Water supply

Demineralized water

Electronic balance

Accuracy of 0.01 g with at least 500 g capacity

Metal rings

Brass or stainless steel specimen rings

Glass or plastic plates

For specimen preparation

Air compressor

Air pressure source providing up to 1500 kPa

Porous Stone

For specimen saturation process

Hydraulic Jack

For extrusion of soil sample

Tools

Allen-wrenches, screwdrivers trimming tools etc.

Although there was a source of air pressure which can provide up to 1500 kPa, but there
was a ceramic stone of capacity 500 kPa, therefore 500 kPa air pressure was sufficient to
run all the tests.
3.6 Preparation and Mounting Ceramic Stones
5 bar ceramic stone were used with the SWCC device system and the ceramic stone
should be saturated for about 8 hours before using. Ceramic stone should be saturated
between tests. There are some steps of mounting ceramic stones. Top and bottom sides of
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the ceramic stone should be covered with masking tapes leaving the perimeter open and
extra tape should be cut using a knife. All sides of the ring should be covered with
masking tape except the inner surface. Now the ceramic stone and ring were placed on a
piece of paper on a flat worktop. Now as per the instructions given in the epoxy kit epoxy
and hardener were mixed in a ratio of 1:1. With a spatula the epoxy was applied around
the perimeter of the ceramic stone and the ceramic stone was placed on the sheet of
paper. Epoxy mixture was also applied around the inner surface of the ring and the ring is
to be placed encompassing the ceramic stones. The ring has to be placed carefully so that
the clearance between ring and ceramic stone remains same on all sides. Air bubbles
should not be there in the clearance that is now filled with epoxy. If there is any air
bubble that has to be removed by a needle. Sometimes it is hard to remove air bubbles,
then ring and ceramic stone are to be separated and gluing process should be repeated
from the beginning. After checking the air bubbles, if it is free from air bubbles, the
excess glue is removed from the sides and top of the ceramic stone ring using a thin piece
of plastic or a paper without disturbing the ring and stone. Now ring and ceramic stone
combination was left overnight for hardening. When the epoxy was hardened, masking
tape was removed cautiously without damaging the ceramic stone. After that the glued
hardened ceramic stone was placed under demineralized water for about 24 hours for
saturation. Now the ceramic stone is ready to be used in the SWCC device.
3.7 Sample Testing Process in Fredlund SWCC Device
Some of the soils characteristics should be have been known before starting the test, such
as: water content, initial dry density, grain-size distribution, plasticity index and specific
gravity. The specific gravity, dry density and grain size distribution values are basically
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the input in HYDRUS software which in turn characterizes the soil type and helps to
simulate SWCC curve which will be discussed later on this examination. For determining
drying SWCC a specimen was saturated as discussed in section 3.1. The steps are given
below:


The saturated specimen was taken out from the water and placed it on a glass
plate (size approximately 4” x 4”) and allowed it to drain any excess water onto
the glass plate. And some excess water was mopped out using a paper towel. Now
extra water from the glass plate and outside of the ring was soaked with a paper
towel.



The combine weight of the glass plate and ceramic stone was taken and weight of
the glass was taken separately.



A 5-bar ceramic stone was selected in this study which was kept overnight under
water. After removing the ceramic stone top and bottom part of it were mopped a
little to achieve saturated surface dry (SSD) condition; and the ceramic stone was
weighed before tasting.



Soil specimen was placed on ceramic stone keeping it properly centered on the
ceramic stone and their combined weight was taken.



Before assembling the SWCC apparatus, a clean O-ring was placed in the grooves
of the bottom plate and the cell wall using high vacuum grease.

A quick-

disconnected fitting located on the sides of the bottom plate that holds two equal
length tubes which were inserted into the water volume change tubes. Some water
was added into the bottom plate of the cell to moisten the outside of the ceramic
stone ring. Now valves were opened at the bottom of each water volume change
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tube and the bottom plate; ceramic stone and the specimen were pressed into the
recess in the bottom plate and water came upward in the water volume change
tubes.


After that load plate was placed centered on the specimen. Disk ring retainer and
cell wall were placed on the base ensuring the cell wall was placed properly
within its O- ring to stop air leakage.



The top plate and bottom plate were attached by tightening the four 4.5 inch long
socket-head cap screws (SHCS) that sealed the cell wall.



Now pressure source was connected to the pressure panel through one of the
quick disconnect fitting located on the back of the panel using ¼ -inch plastic
tubing. The second quick disconnect fitting and the valve is for supplying air
pressure to the loading frame during the test.



Now the left volume tube was filled with demineralized water through the
opening on the left corner of the panel and water came to right volume tube
driving some trapped air out from the base. Both the tubes were kept half full with
water. Now putting the tip of a ball pump into the left opening L (shown in Fig
3.2) and squeezing the pump the air bubbles were driven out until no air bubbles
appeared on the water surface of right volume tube. Both the water columns
became level out within a few minutes. Initial volume tube readings were
recorded with date and time.



Now suction vales were selected such a way that the volume tubes show wide
range of volume change. Pressure or suction values were taken as 10, 20, 30, 40,
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50, 60, 70, 80, 100, 140, 180, 200 kPa in different time intervals. Every time the
readings of suction and volume tube values were recorded.
3.8 Sample Reservation Technique
Sample should be kept such a way that it should not loss moisture. Because experiments
take long time and every test the sample should have as same property as it was when it
was prepared. Normally sample can be kept in a bucket with a tight lid on.
LID

BEAKER

100% HUMIDITY

WATER

SOIL-BENTONITE
SLURRY SAMPLE

BUCKET

Figure 3. 13 Storing process for soil-bentonite mixture
After few days or month water vapors come out from the sample and stick to the ceiling
of the lid, although the amount is nominal or negligible. But it can be prevented by
keeping beaker with water inside the bucket (FIGURE -3.13).
The water in the beaker gets vaporized faster than the hydrated water in the soil-bentonite
slurry and finally the empty part between the sample and the bottom of the lid gets almost
100% humidity. When it is 100% humidity there is no possibility of further vaporization
from the slurry and no moisture losses happen from the slurry.

48

CHAPTER 4: MODELLING PROCESS IN HYDRUS
4.1 Project Information
Project information is very important to locate a particular project in HYDRUS. For a
new project a new project command is selected at the beginning of any problem. The
users have choices of keeping input and output data either permanently or temporarily in
an external directory. The new project and project information commands fetch a
dialogue window that contains the name and description of the project, as well as
information about the project group to which the project belongs.
A project name should be unique that represents any particular problem to be solved by
HYDRUS. The project name and a brief description of the problem, helps to locate a
particular project. Projects are represented by a file project_name.h3d that contains all
input and output data. HYDRUS input files are designed to be extracted from the
project_name.h3d file into a working subdirectory; output data created by the calculation
module are also sent in the same folder. After saving a project, output files are also
included into the project_name.h3d file. According to users‟ choice the input and output
files can be either permanently kept in an external working directory, or are stored in this
folder only during the calculations temporarily. When moving the HYDRUS project to a
different computer, the project_name.h3d file should be copied and the working directory
files, if the permanent working directory option is selected. When temporary working
directory is selected, only the project_name.h3d file should be copied.
4.2 Domain Geometry: Geometry Information
Geometry information is important in HYDRUS. Geometry type can be selected in the
geometry information dialog window. Users can specify the type of geometry, the
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domain definition, the length units, and the size of the. Initial Workspace specifies the
approximate size of the transport domain.
After creating a new project a user needs to specify whether the flow and transport
problem occurs in a two- or three-dimensional transport domain. Two-dimensional flow
and transport can be selected as in a horizontal or vertical plane. When a threedimensional axisymetrical system is selected, the z-coordinate always coincides with the
vertical axis of symmetry. There is also a typical example of the selected 2D or 3D
geometry which is shown in the preview part of the dialog window.
This section, the “domain definition” part allows a user to choose between a simple
geometry having a structured finite element mesh, and a more general geometry having
an unstructured finite element mesh. A simple rectangular domain is defined by three
straight lines, one at the bottom of the domain and two at the sides, whereas the upper
boundary may or may not be straight according to the requirement. When upper boundary
is not straight, nodes along the upper boundary line may have variable x- and zcoordinates.
On the other hand, the lower boundary line must always be horizontal or sometime have a
specified slope. But the left and right boundary lines must be vertical. After that the flow
region is subdivided into a structured triangular mesh. Hexahedral domains must have
similar properties as rectangular domains, such as: vertical planes at the sides, a
horizontal or with a specified slope plane at the bottom boundary, and with only the
upper boundary. Figure 4.1 shows the examples of simple rectangular geometries meshed
model and it is 2-D model. Figure 4.2 shows an example of a simple hexahedral three-
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dimensional meshed geometry which is 3-D model. Both the FIGURES are referred from
HYDRUS Version 1.0 (2006) examples problems.

Figure 4. 1 Examples of simple rectangular geometries (Ref. HYDRUS 2006
example problem)

Figure 4. 2 Examples of simple rectangular geometries (Ref. HYDRUS 2006
example problem)
In the geometry information dialog window one ca also select the geometry Units to be
used throughout the application which are in millimeter, centimeter, and meter. The size
of the Initial workspace can also be fixed before starting a project.
4.3 Flow and Transport Parameters
The main processes dialog window under flow and transport parameter shows four
options of choosing processes to be simulated. The processes are water flow, multiple
solute transports, heat transport, and root water uptake. If the "water flow" option is
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selected the program automatically considers transient water flow otherwise the code
tries to calculate steady-state flow from the specified initial and boundary conditions. The
complexity and nonlinearity of the problems guide the successful calculations. In many
cases a model run with constant boundary conditions and it may take long simulation
time. If by mistake users switch off an existing project where the solute transport, heat
transport or root water uptake options are considered, the program automatically shows a
warning that all data related to these processes will be lost. If this loss is uninvited, users
should first copy the input data of the current project to a new project before switching
off the solute transport, heat transport and root water uptake options. In this study mainly
water flow was considered and then solute transport was considered to check with
different boundary conditions. Heat transport was also selected so that different
temperatures, precipitation, evaporation data can be chosen for different climactic
regions.
4.3.1 Time Information
The time information dialog window is important and mandatory information in
HYDRUS. It contains information associated with the time units, time discretization, and
implementation of boundary conditions. Time units [T] can be in days, hours, min, and or
sec that are to be used throughout the application. If units are changed during or after data
entry, all input variables are converted into the new units automatically. Initial time is the
starting time of the calculation; final time is the final time of the calculation which is
dependent on time of interests. Initial time step denotes initial time increment, dt [T] that
should be a function of the type of problem being solved. Normally the problems with
high pressure gradients such as e.g., infiltration into an initially dry soil require relatively
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small initial time steps. In some cases like where soils with highly nonlinear soil
hydraulic properties also require relatively small initial time steps. In HYDRUS the
initial time step is used at the beginning of the project or whenever boundary conditions
are substantially changed such as, the water flux changes by 25% or more. Minimum
time step is the minimum allowable value of the time increment, dtmin [T] that must be
smaller than the initial time step, interval between print times, and interval between timevariable boundary condition records. Maximum time step is the maximum permitted
value of the time increment, dtmax [T] that can be a relatively large number or the
optimal time step which is selected by the program, unless small time steps are required.
For example, to simulate temperatures during one day small time steps are required. In
this study temperature was considered, because three different climactic zones were
considered.
If the time-variable boundary condition is needed in a problem, the number of timedependent boundary records and time-dependent boundary conditions must be specified
after this box is checked.
4.3.2

Output Information

The Output Information dialog window contains information how output should look like
from the computational module of HYDRUS. Output information can be given before
calculation starts for a problem. Time and iteration information is printed at each time
step for mean pressure heads and concentrations, mean water and solute fluxes,
cumulative water and solute fluxes according to the information given by a user in the
Print Options part of the dialog window. When the calculation is over users are by default
asked to hit the enter key of the keyboard to return to the GUI from the computational
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window. T-level Information check box should be checked if output of certain
information concerning mean pressure heads and concentrations, mean water and solute
fluxes, cumulative water and solute fluxes, and time and iteration information, are needed
to be printed at each time step, after n time steps, or only at preselected times or time
intervals. There is another check box that is interval output where users can specify
whether or not information concerning mean pressure heads and concentrations, mean
water and solute fluxes, cumulative water and solute fluxes, and time and iteration
information are to be printed at a regular time interval. Screen output check box is also
there in the output widow dialogue box, which decides whether or not information about
the simulation run is to be printed to the screen during execution of the HYDRUS
computational code. It is recommended to check this box for direct problems, but not for
inverse problems.
The number of print times can be specified in the print times part of the dialog window at
which detailed information about the pressure heads, water contents, concentrations,
temperatures, fluxes, and the soil water and solute balances will be printed. The default
command button will guide only the print times to be distributed evenly between the
initial and final time.
4.3.3 Water Flow
Water flow is one of the major criteria in HYDRUS. It keeps the information on iteration
criteria, soil hydraulic model (van Genuchten-Mualem model (van Genuchten, 1980), the
van Genuchten-Mualem model with an air-entry value of -2 cm, modified van Genuchten
type equations (Vogel and Cislerova, 1988), the equations of Brooks and Corey (1964),
the lognormal distribution model of Kosugi (1996), and a dual-porosity model (Durner,
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1994), soil-hydraulic parameters, anisotropy tensor etc. All information is important for
any type water flow related problems and these are discussed below.
4.3.3.1 Iteration Criteria
Under water flow there is the iteration criteria dialog window guides the iterative process
that is used to solve the Richards equation. Richards‟s equation is of the nonlinear nature
that is why an iterative process must be used to obtain solutions of the global matrix
equation at each new time step. The finite element method in HYDRUS is programmed
to use either Gaussian elimination or the conjugate gradient method to solve a system of
derived linearized algebraic equations. For each of the iterations the code automatically
solves the derived linearized algebraic equations and at the end solving the matrix
equation in iteration, the coefficients are re-evaluated using this matrix solution in the
next iteration, and the new equations are again solved until a satisfactory degree of
convergence is obtained. The degree of convergence means until for all nodes in the
saturated or unsaturated region the absolute change in pressure head or water content
between two successive iterations becomes less than some small value determined by the
imposed absolute pressure head or water content tolerance. The maximum number of
iterations during one time step, and the water content and pressure head precision
tolerances can be pre selected in the iteration criteria part of the dialog window. There is
a recommended and default value of selecting maximum number of iterations allowed
during any time step while solving the nonlinear Richards equation using a modified
Picard method which is 10.
The recommended and default value of water content tolerance is 0.001. There is a water
content tolerance which decides absolute water content tolerance for nodes in the
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unsaturated part of the flow region and when the water contents between two successive
iterations during a particular time step change less than this parameter, the iterative
process stops and the numerical solution proceeds to the new time step.
The recommended and default value of pressure head tolerance is 0.01 m. Although
different values of pressure head tolerance can be specified. Absolute pressure head
tolerance for nodes in the saturated part of the flow region is called pressure head
tolerance in HYDRUS. When the pressure heads between two successive iterations
during a particular time step change less than this specified parameter, the iterative
process stops and the numerical solution proceeds to the new time step
4.3.3.2 Soil Hydraulic Model
Soil hydraulic model allows specifying a particular model for the entire program. There
are six models in HYDRUS, (1) the van Genuchten-Mualem model (van Genuchten,
1980), (2) the van Genuchten-Mualem model with an air-entry value of -2 cm, (3)
modified van Genuchten type equations (Vogel and Cislerova, 1988), (4) the equations of
Brooks and Corey (1964), (5) the lognormal distribution model of Kosugi (1996), and (6)
a dual-porosity model (Durner, 1994). There are two other dual-porosity non equilibrium
flow models with mass transfer between the mobile and immobile zones assumed to be
proportional to either the water content or the pressure head. Van Genuchten model was
used in this study with no hysteresis. Users can select either no hysteresis, hysteresis in
retention curve, or hysteresis in retention curve and Conductivity. Users have to specify
whether the initial condition is associated with the initially wetting curve or initially
drying curve branch if they select hysteresis. In HYDRUS code there are several
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hysteresis process from the empirical model introduced by Scott et al. (1983), Kool and
Parker (1987), Lenhard et al. (1991) and Lenhard and Parker (1992).
4.3.3.3 Soil Hydraulic Parameters
Soil hydraulic parameters dialogue window is for material properties for water flow.
Some parameters are common in all models given by Brooks and Corey, 1964; van
Genuchten, 1980; Vogel and Cislerova, 1988; Kosugi, 1996, and Durner, 1994. Those
common parameters are residual water content (Qr), saturated water contents (Qs),
saturated hydraulic conductivity (Ks), pore-connectivity parameter (L), pore size
distribution index (n) etc. The other common parameters are pore size distribution index
(n), and alpha (α) which are empirical coefficients affecting the shape of the hydraulic
functions.
Van Genuchten model is having the common parameters which other models have, such
as: residual water content (Qr), saturated water contents (Qs), saturated hydraulic
conductivity (Ks), pore-connectivity parameter (L), pore size distribution index (n) etc.
The other common parameters are pore size distribution index (n), and alpha (α) etc.
Four additional parameters were added in the modified van Genuchten model: water
content (Qa) smaller or equal to Qr, water content (Qm) larger than or equal to Qs, the
unsaturated hydraulic conductivity at water content (Kk), and the water content (Qk)
associated with Kk.
In Durner's (1994) model there are three additional parameters, such as: w2, α2, n2. Here
w2 is the weighting factor for the second overlapping region, and α2 and n2 are empirical
parameters for the second region.
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The hysteresis model holds three additional parameters such as: qsw – the saturated water
content of the main wetting branch (Qsw), the shape parameter of the main wetting branch
(αw), and the saturated hydraulic conductivity associated with the main wetting branch
(Ksw) (in case hysteresis also occurs in the conductivity function).
The influence of temperature on the hydraulic conductivity is predicted from the
influence of temperature on viscosity and the density of water. Capillary theory governs
the influence of temperature on the soil water pressure head that can be quantitatively
predicted from the influence of temperature on surface tension. Temperature dependence
check box should be checked if the hydraulic properties are considered to be temperature
dependent.
The hydraulic parameters of selected soils can be selected from a drop-down list from
which a user can make selections of some typical soils, which were taken from Carsel
and Parrish (1988). But the default hydraulic parameter values only represent very
approximate averages for different textural classes. Some of the typical textural classes
with hydraulic properties are given in the drop down list: sand, loamy sand, sandy loam,
loam, silt loam, sandy clay loam, clay loam, silty clay loam, sandy clay, silty clay, clay
etc. But it is always good idea to obtain hydraulic properties from neural network
prediction option that gives van the Genuchten's (1980) water retention parameters water
retention parameters and the saturated hydraulic conductivity (Ks) from textural
information (Schaap et al., 1998). Some laboratory tested values tested data can be given
to predict hydraulic properties for a particular soils which are not in the soils catalog in
HYDRUS. These laboratory tested data are: grain size distribution, bulk density,
volumetric water content at 33 kPa suction, and volumetric water content at 1500 kPa
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suction. The code automatically determines the hydraulic properties such as hydraulic
conductivity, saturated water content, residual water content, n etc and many others
according to the model selected in soil hydraulic model window dialogue box.
4.4 Finite Element Mesh
Finite element mesh generation is one of the most important parts in HYDRUS. Results
become more accurate if the size of the finite elements is lowered although there is
limitation of using maximum number of finite elements in a problem.
4.4.1 Simple Quadrilateral Domain
Normally relatively simple two-dimensional transport domains can be defined using
modified rectangles. Simple rectangular domains are having three straight lines, one at
the bottom of the domain and two at the sides, while the upper boundary may or may not
be straight. Only left and right boundary lines must be vertical. The flow region is
meshed into either a structured or an unstructured triangular finite element mesh. For a
structured mesh, users need to specify in the “rectangular domain discretization” dialog
window the number of nodes on the horizontal X-direction and vertical Z-direction sides
of the rectangular region, including their nodal coordinates.
4.4.2 FE-Mesh Statistics
After generating finite element mesh the FE-Mesh Statistics dialog window shows the
information of number of different elements are created for 2D and 3D problems. In 2D
problem the window shows the number of boundary 1D-Elements and the number of
triangular 2D-Elements. In three-dimensional grids the window shows the number of
boundary 1D-Elements,

the number of 2D-Elements of the shape of triangle on the
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bottom plane of the domain, and the number of 3D-Elements of the shape of tetrahedral
in the entire transport domain.
4.5 Water Flow Initial Condition
The use the pressure head or the water content initial distribution is made in the main
module in the "iteration criteria" dialog window. This option specifies the initial
conditions for water flow by defining the initial spatial distribution of the pressure head
or water content over the flow domain. The initial conditions can specified by selecting
the total spatial region or part of it with the mouse and then assigning the initial condition
in terms of pressure head of water content to a selected region is specified in the pop-up
window. The value of pressure head can be assigned as either same value to all selected
nodes, Equilibrium from the lowest located nodal point, or a linear distribution with
depth.
4.6 Boundary Conditions in HYDRUS
Boundary conditions are very important in HYDRUS finite element analysis simulation
package. Scenario of flow pattern will change due to different boundary conditions. The
model is not true representative for a particular site where the average ground water table
is not known in advance, but some practical boundary condition data are assumed to test
the potentiality of the backfill slurry material to be used in real world‟s applications.
Although it may be possible to correlate the simulation results with a particular site
conditions where it is possible to get the average rainfall data, average groundwater
fluctuation range. In HYDRUS, different boundary conditions take different computation
time which is really cumbersome. Some of the boundary conditions are given below.
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No-flux: No-flux boundary conditions are basically specified for impermeable
boundaries where the flux is zero perpendicular to the boundary. Impermeable
layers or walls of structures, which form the impermeable boundary of the flow
domain, are examples of no-flow boundary conditions.



Constant head: The name constant head means there is no pressure fluctuation for
at a particular node. The value of a constant pressure head boundary condition at a
particular node, say n, is given by the initial value of the pressure head. Examples
of constant pressure head boundary condition are: a constant groundwater level,
the water level in an infiltration ring during ponded infiltration experiments, and a
constant water level in a furrow.



Constant flux: The value of a constant flux boundary condition at a particular
node, n, is given by the initial value of the recharge or discharge flux, Q (n).
Examples of constant flux boundary conditions are constant pumping and
constant flux sprinkler irrigation.



Seepage face: Water leaves the saturated part of the flow domain through a
seepage face. The length of the seepage face is not known a priori. By default the
code assumes that the pressure head is always uniformly equal to zero along the
saturated part of a seepage face, and that the outflow flux is equal to zero on the
unsaturated part of a seepage face boundary.



Variable head: A variable groundwater level is an example of a variable pressure
head boundary condition. In most of the unsaturated soil zones water table
fluctuates and this condition can be assumed in HYDRUS simulation.
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Variable flux: The examples of variable flux boundary condition are: variable
pumping or fluid injection, and variable sprinkler irrigation, provide examples of
a variable flux boundary condition.



Free drainage: Free drainage is replicated in terms of a unit total vertical hydraulic
gradient i.e., a zero pressure head gradient. This situation is often observed in
field studies of water flow during drainage or redistribution in the vadose zone
(Sisson, 1987; McCord, 1991). McCord (1991) states that the most pertinent
application of a free drainage boundary condition is its use as a bottom outflow
boundary condition for situations where the water table is situated far below the
domain of interest.



Deep drainage: The vertical drainage across the lower boundary of a soil profile is
sometimes approximated by a flux which depends on the position of the
groundwater table (Hopmans and Stricker, 1989).

4.7 Tasks in Modeling of Cut-Off Wall in HYDRUS


In the model of cut-off wall the average height of cut-off wall should be 50 feet
and average width should be 30 inches or 0.75 m. The slurry material in the cutoff wall is 100% saturated, so the water table of slurry wall is assumed to be at
ground level initially. Water table of the surrounding soil is considered to be at a
depth of 30 feet.



Surrounding soil can be considered as sand with a hydraulic conductivity value
10-2 cm/s and it is also 100% saturated hypothetically.
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Slurry material contains 5.5% bentonite clay. The slurry wall has a hydraulic
conductivity value of 2x10-10m /s which is to be given as input before calculating
the project.



Finite element size of the slurry wall should be kept as 0.1 m where for adjacent
soil the element size can be kept as 1 m.



A constant head boundary condition should be taken.



The main objective is to consider climate data (rainfall data etc) and geometry of
the wall with protective cover.

30"

50'

30'

GL

PROTECTIVE
COVER
3'
5'

SAND
k=1X10-2 m/s

BENTONITE SLURRY
(S=100%, k=2X10-10 m/s)

GWL

IMPERMEABLE LAYER

Figure 4. 3 Typical SB cut-off wall


No hysteresis condition should be taken.



How suction varies with depth is to be examined by the model.



Other study will be on Theta= f(D,t).



In order to keep moisture content intact in the Soil-Bentonite material in the lab, a
small beaker filled with water is to be dipped into the SB material inside the
bucket with lid. The water in the beaker will evaporate faster than the SB material
and that will create 100% humidity in the bucket. So further evaporation will not
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occur from the slurry material when the air inside the bucket reaches 100%
humidity.


The same geometry model will be considered in three different climactic
geographical regions: arid region like Arizona, semi-arid like Denver, Saturated
region like Louisiana.

4.8 Modeling of Cut-Off Walls in HYDRUS
The model was assumed to be similar to the 2D-model proposed in ASCE paper by
Jeremy P. Britton, George M. Filz, and John C. Little (2005). Contaminant concentration
was also taken as same as what they took in their examination. The type of geometry was
chosen as 2D-layered and a unit length was one meter. The computer simulated model
consisted of a cut-off wall 16 meters deep (assuming an impervious layer at 16 meters),
0.75 meter wide. It was modeled from hexahedral elements with 0.5 meter meshes. In
order to create an accurate two-dimensional model of the system, the test data produced
was input into HYDRUS. The volumetric water contents at 33 kPa and 1500 kPa, the
grain-size distribution and bulk density were taken directly from the samples.

A

saturated hydraulic conductivity of 2x 10-10 m/s was given as an input for the soilbentonite slurry material, which is the minimum requirement for geoenvironmental
containment applications. The surrounding soil was assumed to be sandy soil, since it is
approximately the same makeup as the backfill material used in creating the soilbentonite mixture, but it has hydraulic conductivity value of 1x10-4 m/s. The percentage
of bentonite (5.5%) was the percentage of clay in HYDRUS. The surrounding soil was
assumed to be sandy soil, since it is approximately the same makeup as the backfill
material used in creating the soil-bentonite mixture, and a length of 60 meters, and a
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depth of 16 meters. The cut-off wall was assumed to be located in the middle of the
horizontal direction (30 meters from left sides).

Figure 4. 4 Material distribution model in HYDRUS
There is protective cover of sandy soil on the top of cut-off wall. The time period of
interest was taken as 20 years with the purpose of determining whether or not
contaminants seep through the wall. Figure 4.4 above shows the model‟s soil distribution.
Dark gray is sandy soil; light gray is the soil-bentonite slurry.
In the main process dialogue window in HYDRUS, two processes were selected: water
flow, solute transport and heat transport. Heat transport was selected so that climatic
temperature, rainfall data can be given. The program automatically considered transient
water flow when the water flow option was selected. Time information inputs were given
as a period of time of 20 years with an initial time step of 2 years and a minimum time
step of 0.5 year. The soil‟s hydraulic properties were selected based on the model given
by van Genuchten (1980). The maximum number of iterations allowed during any time
step while solving the nonlinear Richards equation using a modified Picard method is
recommended as 10, which was taken in this model. Water content tolerance was taken as
0.001 and pressure head tolerance was taken as 0.01 m respectively.
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In the solute transport dialogue window the time weighting scheme that defines the
temporal weighing coefficient, ε, used in the numerical solution of the transport equation,
was taken as the Crank-Nicholson scheme. For the space weighting scheme the
recommended Galerkin finite elements formulation was taken for solution precision. The
number of solutes/contaminants was taken as 1; the mass unit of solute was taken in
grams (g); pulse duration, which is time duration of the concentration pulse, was taken.
The stability criterion is the product of the dimensionless Peclet and Curant numbers
(Pe.Cr). This criterion is used either to add artificial dispersion in the Galerkin finite
elements with an artificial dispersion scheme or to limit the time step leading to lower
Courant numbers for a given Peclet number for the Galerkin finite elements scheme. In
this model the stability criterion for solute transport was 2. The solute‟s transport
parameters and reaction parameters were given.
In heat transport dialogue window the most important consideration was time variable
boundary conditions sub-window. In the time variable sub-window to total time was
given 20 years. As there are three models with three different climactic data, so
precipitation rate, temperature (Tvalue) etc were different. The model with Louisiana
climate the precipitation was taken as 1.52 m/year, evaporation rate was taken as 0.1 m
/year and temperature was taken as 26oC. In the second model with Denver climate the
precipitation was taken as 0.39 m/year, evaporation rate was taken as 0.1 m /year and
temperature was taken as 8.33oC. In the third model with Arizona state climate the
precipitation was taken as 0.18 m/year, evaporation rate was taken as 0.1 m /year and
temperature was taken as 51.67oC.
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The recommended maximum number of finite element is 100000. For finite element
mesh parameters the targeted FE size was chosen as 0.25 meter. It produced 6094 nodes,
381 1-D elements, 11877 2-D elements.
In the domain properties part, 7 observation nodes were selected at different depths in
the cut-off wall such as: from the ground level depth 2 m, 4 m, 6 m, 8 m, 10 m, 12 m, 14
m etc. With these observation all time vs. suction, time vs. moisture content can be
collected.

Figure 4. 5 Observation points in the cut-off wall
The water table was assumed to be 10 meters below the surface and but the water table
in the cut-off wall was assumed to be at the ground surface considering it is fully
saturated. This was done by selecting the pressure head option under initial conditions
and selecting nodes from the model to set values. The model‟s initial conditions are
shown below in Figure 4.6 where initial pressure head was mainly assumed. Impermeable
layer was considered at 16 meter depth. Water table of the surrounding soils was
considered at 10 m depth. As because during construction of slurry wall the slurry
material was fully saturated so hypothetically the water table in the slurry wall was
considered at ground level.
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Figure 4. 6 Initial pressure head
For boundary conditions water flow was assumed to be a constant head boundary
condition to examine whether water table changes during pass of time. Figure 4.7 shows
a constant head boundary condition although climactic data was given separately.
Selected nodes denote the constant head boundary condition.

Figure 4. 7 Boundary condition (constant head)
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CHAPTER 5: EXPERIMENTAL AND SIMULATION RESULTS
5.1 Introduction
There are two types of tasks were done in finding result in this research. First task was to
get results by laboratory testing and second task was to get results from models which
were from simulations of cut-off wall using HYDRUS. The soil used here was soil
bentonite slurry with varying percentages of bentonite. In this study 2%, 4% and 5.5%
bentonite were used to prepare three different soil-bentonite slurry materials which were
used for different laboratory testing. Consolidation tests were performed in accordance
with ASTM D2435-04 method to know the volumetric water content at 1500 kPA
consolidation stress as an alternative of 1500 kPa suction which is one of the input
parameters in HYDRUS. Experimentally, this 1500 kPa suction was not available at LSU
geotechnical laboratory at the time of this study. Another study of this research was to
measure higher suction ranging from 24 kPa to 500 kPa using SWCC apparatus. In
SWCC apparatus, the amount of suctions were applied stepwise same as the amount of
consolidation stresses were applied stepwise in consolidation tests so as to compare the
water contents of slurry materials in each same amount of consolidation stress and
suction.
A 5 bar air-entry value ceramic dish was used in SWCC device and that is why suctions
were applied up to 400 kPa, the last smaller value before 500 kPa. Rest of the part of
SWCC curves shown in this chapter with higher suctions (greater than 400 kPa) were
obtained using van Gunuchten (1980) equations of unsaturated flow. Falling head
permeability tests were done for three different soil-bentonite samples without any
consolidation stress (i.e. 0 kPa stress). The saturated coefficient of permeability was
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important input parameter in HYDRUS software. The data obtained from laboratory tests
were given as input in HYDRUS software. The laboratory test data were percentage of
sand, percentage of silt, percentage of clay (here it is bentonite clay), volumetric water
content at 33 kPa, and volumetric water content at 1500 kPa. Finally results from
laboratory tests and HYDRUS software were presented and explained how effectively
soil-bentonite mixture can be used in cut-off walls.
5.2 Particle Size Distribution
The study needed to have particle size distribution data because these data were the
important input in HYDRUS software. Grain-size distribution tests were done in
accordance with the method given in ASTM D422 which covers the quantitative
determination of the distribution of particle sizes in soils. The soil was largely fine mortar
sand, which was mixed with bentonite-water slurry. Figure 5.1 shows the grain-size
distribution. Bentonite part was in the range of clay. In SB material with 5.5% bentonite,
Coefficient of uniformity of the material was 3.25 and co-efficient of curvature was 1.77.

Figure 5. 1 Grain size distribution chart (Ref. Bucknell University Geotechnical lab)
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In SB material with 4.0% bentonite, co-efficient of uniformity of the material was 3.20
and co-efficient of curvature was 1.74. In SB material with 2.0% bentonite, Coefficient of
uniformity of the material was 3.18 and Co-efficient of curvature was 1.70. Therefore all
three SB materials are poorly graded.
5.3 Results from Consolidation Tests
Three consolidation tests were performed to examine the volume change behavior of soilbentonite backfill material. From vertical stress vs. strain curves plotted in Geojac
software package, volume change of samples was determined with stepwise
consolidation stress.
Figures 5.2, 5.3, 5.4, 5.5 shows the results from the consolidation test with an incremental
loading schedule for sample 1. Each increment lasted a total of twenty-four hours. The
volumetric water contents were calculated with the final thickness of the soil sample after
completion of each increment.

Figure 5. 2 Results from consolidation test (sample 1: 5.5% bentonite)
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The LVDT (Linear Variable Differential Transducer) were taken to compute the change
in thicknesses of the sample after each load increment. Inspection of results presented in
Figure 5.2 show maximum strain of 24.06% at the end at the end of final loading of 1536
kPa. In Figure 5.3, initial void ratio is 1.004 at no stress and it reaches to minimum of
0.522 at 1536 kPa. The compression index (Cc), recompression index (Cr) are 0.189 and
0.034 respectively.

Figure 5. 3 Results from consolidation test (sample 1 with 5.5 % bentonite)

Figure 5. 4 Results from consolidation test (sample 2 with 4.0 % bentonite)
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In Figure 5.4, for the sample number 2, initial void ratio is 0.996 at no stress and it
reaches to minimum of 0.521 at the end of loading 1536 kPa. The void ration increased to
0.561 upon unloading to stress of 24 kPa. The compression index (Cc), recompression
index (Cr) are 0.179 and 0.027 respectively.

Figure 5. 5 Results from consolidation test (sample 3 with 2.0 % bentonite)
In Figure 5.5, for the sample number 3, initial void ratio is 0.996 at no stress and it
reaches to minimum of 0.526 at the end of loading 1536 kPa. The void ration increased to
0.560 upon unloading to stress of 24 kPa. The compression index (Cc), recompression
index (Cr) are 0.101 and 0.019 respectively.
The consolidation curves in Figures 5.3, 5.4 and 5.5 show similar results although the
percentage of bentonite is 5.5% for the sample corresponding to Figure 5.3, 4.0% for the
sample used for results shown in Figure 5.4, and 2.0% for the sample used for results
shown in Figure 5.4. All the three samples are less compressible. Table 5.1 shows soilbentonite backfill material is less compressible than natural clay backfill. Higher the
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percentages of bentonite in soil-bentonite (SB) mixture, higher will be the compressibility
index.
Table 5. 1 Compression Index (Cc) of Backfill materials
Material

Compression
Index (Cc)

Recompression
Index (Cr)

Sand +5.5% Bentonite

0.189

0.034

Sand +4.0% Bentonite

0.179

0.027

Sand +2.0% Bentonite

0.101

0.019

Natural Clay Backfill (CL)

0.23

0.046

Figures 5.6 and 5.7 show the change in volumetric water content with different
consolidation stress. Figure 5.6 shows the result of sample 1 with 5.5% bentonite and
Figure 5.7 shows the result of sample 2 with 2% bentonite. For sample 1 in Figure 5.6 the
initial volumetric water content at zero stress was 0.50, it decreases to 0.26 at the end of
loading 1536 kPa. The volumetric water content increased to 0.28 upon unloading to a
stress of 24 kPa.

Figure 5. 6 Results from consolidation test (sample 1 with 5.5 % bentonite)
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For sample 2 in Figure 5.7 the initial volumetric water content at zero stress was 0.50, it
decreases to 0.26 at the end of loading 1536 kPa. The volumetric water content increased
to 0.28 upon unloading to a stress of 24 kPa. For both the samples are having almost the
same water content at different consolidation stresses.

Figure 5. 7 Results from consolidation test (sample 2 with 2% bentonite)
Figures 5.8 and 5.9 show the saturated hydraulic conductivity of soil-bentonite backfill
mixtures at different consolidation stresses and these tests were carried out by Bucknell
University Geotechnical lab. Figure 5.8 shows the result of sample 1 with 4.0% bentonite
and Figure 5.9 shows the result of sample 2 with 2% bentonite. From the results it is clear
that, there is a nominal change in saturated hydraulic conductivity in different
consolidation stresses for soil-bentonite backfill mixtures. So the saturated hydraulic
conductivity of SB backfill material did not change much with increase in vertical stress.
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Figure 5. 8 Saturated hydraulic conductivity at different effective consolidation
stresses - 4.0% SB backfill (carried out by Bucknell University Geotechnical lab)

Figure 5. 9 Saturated hydraulic conductivity at different effective consolidation
stresses -2.0% SB backfill (carried out by Bucknell University Geotechnical lab)
5.4 SWCC Test
The results of soil water characteristics curve (SWCC) tests are presented in 5.4.1 and
5.4.2.
5.4.1 Calculation for Fredlund SWCC Curve


The dimension of the consolidation ring was measured with a digital slide
calipers. Diameter of the specimen was 6.331 mm, thickness of the sample was
2.534 mm, and the volume of the specimen was 80.045 cm3. Specific gravity tests
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were also conducted with the oven dry soil-bentonite sample and specific gravity
(Gs) of the sample was 2.68.


Before the SWCC test the bentonite slurry specimen was weighed and it was 147
g. Then specimen in the ring was taken to SWCC apparatus. Initial reading on the
left volume tube was 24 cm3 and on the right volume was 24 cm3, so the total
initial volume tube reading was 48 cm3 at zero suction. The stepwise pressure or
suction values were applied at different time intervals. Applied suction values
were 24, 34, 48, 96, 192, 348 kPa respectively and the corresponding total volume
readings were 51, 53, 55, 57, 62, 74 cm3. respectively.



At the end of the test in SWCC apparatus at suction 348 kPa, the sample was
weighted which was 120g. After that the sample was kept in a oven for 24 hours
at 1100C and after oven drying the weight of the sample (Ws) was 107 g which
means there was still little amount of water of 13 g (i.e., 120-107=7 g)at right
after the SWCC test.



Now the driven out water at each suctions can be calculated from gradually
subtracting the previous reading from the next reading on the volume tubes.
Therefore volume of water at last but one suction can be calculated by adding the
last volume of water with the driven out volume of water and likewise adding the
next volume of water with the driven out volume of water the any suction level
continuously up to the initial zero suction reading.



Now volumetric water content at each suctions are volume of water divided by
total volume of sample, e.g., volume of water (Vw) at suction 96 kPa was 30.0
cm3; volume of the sample (V) previously calculated was 80.045 cm3. So the
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volumetric water content at 96 kPa is Vw/V that is (30.0 cm3/ 80.045 cm3) or
0.375 or 37.5%.


Gravimetric water content (w= Ww/Ws) can be determined with the same
procedure after drying the sample in the oven. Weights of water at any suction say
at 96 kPa was 30 g, the weight of oven-dried soil sample was 107 g. Gravimetric
water content at 96 kPa is (30 g / 107 g) or 0.28 or 28%.



Beyond 384 kPa suction, the volumetric water contents were determined using
van Genuchten (1980) equation assuming rest of the suction values upto 10000
kPa to obtain projected SWCC curve. The value of the parameters such as, Өs, Өr,
α, n, m, L needed in van Genuchten equation are taken from HYDRUS model.

Now assuming suction value beyond 384 kPA and applying in van Genuchten
equation given below, volumetric water contents were determined.

 ( h)   r 

s r
[1 | h | n ] m

when h<0 .…………………..……..…………….(5.1)

Example:
Өs

= Saturated volumetric water content = 0.489

Өr

= Residual volumetric water content = 0.010

α

= bubbling pressure or the inverse of the air-entry value = 0.0045

n

= pore size distribution index = 2.775

m

= soil water parameter which is positive for granular soil and negative for
unstructured soils of fine textures= 1-1/n =0.640

Se

= effective degree of saturation

L

= pore connectivity parameter =0.500

h

= pressure head (matric suction) = 1000 kPa (say).
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Now putting the values in Eq. 5.1, volumetric water content Өh is 0.043. Similarly
volumetric water contents corresponding to higher suctions beyond 384 kPa were
determined.
5.4.2 Results from Fredlund SWCC Tests
A total of six tests were conducted using SWCC apparatus to obtain the relationship
between, matric suction, and volumetric water content. Each increment of matric suction
was applied for four hours. Maximum suction applied was 384 kPa. In Figure 5.10 the
volumetric water content at 33 kPa turned out to be 0.439 cc/cc and at 384 kPa it was
0.188 cc/cc. In Figure 5.11 the volumetric water content at 33 kPa turned out to be 0.425
cc/cc and at 384 kPa it was 0.162 cc/cc. In Figure 5.12 the volumetric water content at 33
kPa turned out to be 0.444 cc/cc and at 348 kPa it was 0.144 cc/cc.
Table 5. 2 Results from Fredlund SWCC test (Sample 1 to 6)
Volumetric Water Content (cc/cc)
Suction
( kPa)
0.01
24
34
48
96
192
384
1000
10000

Sample 1
(5.5%
bentonite)

Sample 2
(5.5%
bentonite)

Sample 3
(4.0%
bentonite)

Sample 4
(4.0%
bentonite)

Sample 5
(2.0%
bentonite)

Sample 6
(2.0%
bentonite)

0.489
0.464
0.439
0.414
0.389
0.314
0.188
0.063
0.013

0.487

0.494
0.469
0.444
0.419
0.394
0.319
0.144
0.069
0.019

0.477
0.452
0.426
0.414
0.351
0.301
0.151
0.075
0.025

0.481

0.487

0.468

0.487

0.456

0.462

0.431

0.437

0.406

0.387

0.381

0.362

0.194

0.187

0.081

0.062

0.006

0.012

0.450
0.425
0.400
0.375
0.312
0.162
0.062
0.012

In Figures 5.10, 5.11, 5.12, 5.13, 5.14and 5.15, volumetric water contents were obtained
up to suction of 384 kPa from the laboratory testing. Rest of the two water contents at
suctions 1000 kPa and 10000 kPa were projected using van Genuchten (1980) equation.
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Suction vs. Volumetric water content
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Figure 5. 10 Results from Fredlund SWCC test (Sample 1: 5.5% bentonite)

Figure 5. 11 Results from Fredlund SWCC test (Sample 2: 5.5% bentonite)
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Figure 5. 12 Results from Fredlund SWCC test (Sample 3: 4.0% bentonite)

Suction vs. Volumetric water content
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Figure 5. 13 Results from Fredlund SWCC test (Sample 4: 4.0% bentonite)
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Suction vs Volumetric water content
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Figure 5. 14 Results from Fredlund SWCC test (Sample 5: 2.0% bentonite)

Suction vs Volumetric water content
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Figure 5. 15 Results from Fredlund SWCC test (Sample 6: 2.0% bentonite)
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5.5 Results from Falling Head Permeability Tests
Falling head permeability tests were done in accordance with the ASTM D 5084-03.
Table 5. 3 Falling Head Permeability Test of SB material with 5.5% bentonite
Falling Head Permeability Test of SB material with 5.5% bentonite
Test No.

Item
1

2

3

Length of sample, L (m)

0.125

0.125

0.125

h1 (m)

0.966

0.954

0.942

h2 (m)

0.954

0.942

0.927

Elapsed time, t (sec)

269234

275542

335214

dia. of burette (m)

0.0113

0.0113

0.0113

Sample dia. (m)

0.0602

0.0602

0.0602

Inside c/s area of burette, a (sq-m)

0.00010

0.00010

0.00010

Area of sample , A (sq-m)

0.00284
2.045E10

0.00284
2.024E10

0.00284
2.109E10

Co-efficient of Permeability, k
=2.303(aL/At)log(h1/h2) (m/sec)
Average Co-efficient of Permeability, k
(m/sec)

2.059E-10

Table 5. 4 Falling Head Permeability Test of SB material with 4.0 % bentonite
Falling Head Permeability Test of SB material with 4.0 % bentonite
Test No.

Item
1

2

3

Length of sample, L (m)

0.125

0.125

0.125

h1 (m)

0.875

0.836

0.793

h2 (m)

0.836

0.793

0.737

Elapsed time, t (sec)

254812

281451

341109

dia. of burette (m)

0.0113

0.0113

0.0113

Sample dia. (m)

0.0602

0.0602

0.0602

Inside c/s area of burette, a (sq-m)

0.00010

0.00010

0.00010

Area of sample , A (sq-m)

0.00284
7.882E10

0.00284
8.265E10

0.00284
9.458E10

Co-efficient of Permeability, k
=2.303(aL/At)log(h1/h2) (m/sec)
Average Co-efficient of Permeability, k
(m/sec)
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8.535E-10

Table 5. 5 Falling Head Permeability Test of SB material with 2.0 % bentonite
Test No.

Item
1

2

3

Length of sample, L (m)

0.125

0.125

0.125

h1 (m)

0.684

0.602

0.554

h2 (m)

0.602

0.554

0.495

Elapsed time, t (sec)

346633

225603

273544

dia. of burette (m)

0.0113

0.0113

0.0113

Sample dia. (m)

0.0602

0.0602

0.0602

Inside c/s area of burette, a (sq-m)

0.00010

0.00010

0.00010

Area of sample , A (sq-m)

0.00284
1.623E09

0.00284

0.00284

1.622E-09

1.813E-09

Co-efficient of Permeability, k
=2.303(aL/At)log(h1/h2) (m/sec)
Average Co-efficient of Permeability, k
(m/sec)

1.686E-09

SB slurry material was compacted in the falling head permeameter with a small rod in
layers approximately 1.5 cm deep. Then upper porous stone was placed on the top of the
sample, then the spring was placed on the top of the spring, and then upper section of the
chamber was fitted properly. The length of the specimen was recorded properly. Sample
was not consolidated in GeoJac consolidation device. Because in the automated Geojac
system consolidation ring was not of similar dimension that is needed in falling head
permeability test. Even it is hard to take out the sample from consolidometer ring and put
it in the permeameter. So the SB samples were taken for permeability tests were without
any consolidation stress, although it is expected that hydraulic conductivity varies with
different consolidation stress. The hydraulic conductivity with different consolidation
stresses are given in Figures 5.8 and 5.9, which were tested in Bucknell University
Geotechnical lab. Here hydraulic conductivities of three SB mixtures were determined
with zero consolidation stress.
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Figure 5. 16 Co-efficient of permeability of 3 samples
The co-efficient of permeability of bentonite slurry with 2%, 4% and 5.5% bentonite are
1.686 x 10-9, 8.535x 10-10, and 2.059 x 10-10 respectively.
5.6 Simulation Results from HYDRUS Software


Simulation was done for model cut-off wall using HYDRUS software to examine how
effectively soil-bentonite mixture can be used in real world cut-off walls. Hydraulic
sustainability of soil-bentonite mixtures were observed with different co-relations and
results. Suction profile with time shows how suction controls soil-bentonite slurry
material above the ground water table to retain water for long period of time. Some
laboratory tested data were given as input in HYDRUS, which were percentage of sand,
percentage of silt, percentage of clay (here it is bentonite clay), volumetric water
content at 33 kPa, and volumetric water content at 1500 kPa. As stated earlier, data
using suction beyond 384 kPa were determined using van Genuchten model (1980). So
input data of the volumetric water content at1500 kPa was taken using van Genuchten
model (1980). Simulation steps were discussed in Chapter 4, section 4.8. The slurry

material in the cut-off wall is 100% saturated, so the initial water table of slurry
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wall is assumed to be at ground level. But, water table of the surrounding soil is
considered to be at a depth of 30 feet. This water table is considered to be similar
for all the three different climatic zones to observe how they change with time.
5.6.1 SWCC Results from HYDRUS Simulation
Volumetric water content results with time are shown in Figure 5.17 and 5.18. Red
denotes the highest water content (0.485) and blue denotes the lowest water content
(0.045). The other colors show the water content values between these extremes. Water
contents after 1 year and after 20 years are almost the same with some minor fluctuation,
which means the water level reached equilibrium within 20 years. The water content in
the slurry wall is much is mostly red colored which means that the water content in the
slurry wall is much higher than the surrounding soil. Water content is not changing that
much even after 1 year. The top part of the slurry wall above the water table is also not
loosing water content even after 20 years. The reason maybe the bentonite can hold water
for long period of time.

Figure 5. 17 Water content after 1 year
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Figure 5. 18 Water content after 20 years
Figure 5.19 shows the SWCC curve from HYDRUS as well as the results from the
laboratory SWCC apparatus. The continuous curve was obtained from the HYDRUS
model and the dotted curve was from the results obtained from the Fredlund device.
These curves correspond quite well in all ranges of values.

Both results show that the

bentonite slurry needs high values of suction to keep the residual water content close to
zero. In fact, this shows that the bentonite slurry has excellent water retention capacity as
expected.

Figure 5. 19 From HYDRUS Volumetric water content vs. matric suction
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Experimental air-entry value at LSU geotechnical lab was 25 kPa, at Bucknell University
geotechnical lab 40 kPa and in HYDRUS 50 kPa.
5.6.2 Influence of Climatic Inputs on SWCC
Figure 5.20 and 5.21 are showing SWCC curves using modified van Genuchten model. In
both model same input data were given except climatic data to see whether climatic data
affect SWCC curve. In result in Figure 5.20 includes climatic input data, but Figure 5.21
is without climatic data.

Figure 5. 20 From HYDRUS modified Genuchten model of SWCC (with climatic
input data)

Figure 5. 21 From HYDRUS modified Genuchten model of SWCC (without climatic
input data)
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Both the Figures 5.20 and 5.21 show similar results which indicate that climatic data do
not affect the SWCC curve.
5.6.3 Cut-Off Wall Model in Louisiana Climate


Water content in the slurry material depends on the climatic condition, such as
amount of sunlight, rainfall, temperature, evaporation rate and different suctions
at different time. In the first model the climatic data of Baton Rouge, Louisiana
was taken as input.



In the model of cut-off wall the average height of cut-off wall was taken as 50 feet
and average width was 30 inches or 0.75 m. The slurry material in the cut-off wall
is 100% saturated. Water table is to be considered at a depth of 30 feet.



Surrounding soil was considered as sand with a hydraulic conductivity value 10-2
cm/s shown in Figure 5.21.
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Figure 5. 22 Typical SB cut-off wall (Louisiana)


Slurry material contains 5.5% bentonite clay. The slurry wall has a hydraulic
conductivity value of 2x10-10m /s which is to be given as input before calculating
the project.



Finite element size of the slurry wall and adjacent soil was kept as 0.5 m.
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A constant head boundary condition was taken.



No hysteresis condition was taken.



Climatic data of Baton Rouge, Louisiana are given below in the Table 5.6. After
calculating the model the HYDRUS code automatically chooses minimum
temperature also that is possible in winter season.
Table 5. 6 Climatic input data in Baton Rouge, Louisiana
Average Rain fall of Baton Rouge, Louisiana

1.52 m/ year

Temperature

26 degree Celsius

Evaporation rate

0.1 m / year

Figure 5.23 shows results using HYDRUS the suction values at different depths in
Louisiana climate. With this geometry and Louisiana‟s approximate climatic data the
model gives 120 kPa suction value which is really good for the performance of cut-off
wall.

Figure 5. 23 From HYDRUS suction at different depth (Louisiana climate)
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FIGURE 5.24 shows the volumetric water content at different depths for 20 years right
after end of the construction of slurry wall. Initial volumetric water content was
0.485cc/cc and minimum volumetric content was found to be 0.4839cc/cc just after 2
years of construction. But slurry material again reached with the initial volumetric water
content due to high metric suction. The water contents were not changed to those
observation points which were below the water table. As stated earlier that a constant
head boundary condition was considered. High suction is possible because some amount
of water may come out from the slurry material through the side walls into the
surrounding soils and this lack of water may lead to a high suction.

Figure 5. 24 From HYDRUS Genuchten model of SWCC (Louisiana climate)
5.6.4 Cut-off Wall Model in Denver Climate


In the second model the climatic data of Denver was taken as input.
Geographically Denver is a semi-arid zone so there is possibility of matric suction
higher than the Louisiana.
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In the model of cut-off wall the average height of cut-off wall was taken as 50 feet
and average width was 30 inches or 0.75 m. The slurry material in the cut-off wall
is 100% saturated. Water table is to be considered at a depth of 30 feet.



Surrounding soil was considered as sand with a hydraulic conductivity value 10-2
cm/s shown in Figure 5.25.
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Figure 5. 25 Typical SB cut-off wall ( Denver)


Slurry material contains 5.5% bentonite clay. The slurry wall has a hydraulic
conductivity value of 2x10-10m /s which is to be given as input before calculating
the project.



Finite element size of the slurry wall and adjacent soil was kept as 0.5 m.



A constant head boundary condition was taken.



No hysteresis condition was taken.



Climatic data of Denver, Colorado are given below in the Table 5.7. After
calculating the model the HYDRUS code automatically chooses minimum
temperature also that is possible in winter season.
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Table 5. 7 Climatic input data in Denver, Colorado
Average Rain fall of Denver, Colorado

0.39 m/ year

Temperature

8.33 degree Celsius

Evaporation rate

0.1 m / year

Figure 5.26 shows results using HYDRUS the suction values at different depths in
Denver climate. With this geometry and Denver‟s approximate climatic data the model
gives 135 kPa suction value which is really good for the performance of cut-off wall.

Figure 5. 26 From HYDRUS suction at different depth (Denver climate)
FIGURE 5.27 shows the volumetric water content at different depths for 20 years right
after end of the construction of slurry wall. Initial volumetric water content was
0.485cc/cc and minimum volumetric content was found to be 0.4839cc/cc just after 2
years of construction. But slurry material again reached with the initial volumetric water
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content due to high metric suction. The water contents were not changed to those
observation points which were below the water table. As stated earlier that a constant
head boundary condition was considered. High suction is possible because some amount
of water may come out from the slurry material through the side walls into the
surrounding soils and this lack of water may lead to a high suction. Water content data
for the Denver model is almost similar to the Louisiana model as state in Figure 5.24.

Figure 5. 27 From HYDRUS modified Genuchten model of SWCC (Denver climate)
5.6.5 Cut-Off Wall Model in Arizona Climate


In the third model the climatic data of Arizona which is geographically a arid
zone so there is possibility of maximum matric suction among the three models.
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In the model of cut-off wall the average height of cut-off wall was taken as 50 feet
and average width was 30 inches or 0.75 m. The slurry material in the cut-off wall
is 100% saturated. Water table is to be considered at a depth of 30 feet.



Surrounding soil was considered as sand with a hydraulic conductivity value 10-2
cm/s shown in Figure 5.28.
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Figure 5. 28 Typical SB cut-off wall ( Arizona)


Slurry material contains 5.5% bentonite clay. The slurry wall has a hydraulic
conductivity value of 2x10-10m /s which is to be given as input before calculating
the project.



Finite element size of the slurry wall and adjacent soil was kept as 0.5 m.



A constant head boundary condition was taken.



No hysteresis condition was taken.



Climatic data of Tucson, Arizona are given below in the Table 5.8. After
calculating the model the HYDRUS code automatically chooses minimum
temperature also that is possible in winter season.
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Table 5. 8 Climatic input data in Tucson, Arizona
Average Rain fall of Tucson, Arizona

0.18 m/ year

Temperature

51.7 degree Celsius

Evaporation rate

0.1 m / year

Figure 5.29 shows results using HYDRUS the suction values at different depths in
Arizona climate. With this geometry and Arizona‟s approximate climatic data the model
gives 335 kPa suction value which is really good for the performance of cut-off wall.
Arizona is arid region and that‟s why there is a possibility to have high suction.

Figure 5. 29 From HYDRUS suction at different depth (Arizona climate)
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FIGURE 5.30 shows the volumetric water content at different depths for 20 years right
after end of the construction of slurry wall. Initial volumetric water content was
0.485cc/cc and minimum volumetric content was found to be 0.4833cc/cc just after 2
years of construction. But slurry material again reached with the initial volumetric water
content due to high metric suction. The water contents were not changed to those
observation points which were below the water table. As stated earlier that a constant
head boundary condition was considered. High suction is possible because some amount
of water may come out from the slurry material through the side walls into the
surrounding soils and this lack of water may lead to a high suction. Water content data
for the Arizona model is almost similar to the other two models.

Figure 5. 30 From HYDRUS modified Genuchten model of SWCC (Arizona
climate)
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Figure 5. 31 From HYDRUS, pressure vs. depth
Figure 5.31 shows pressure vs. depth in regions: Louisiana, Denver, Arizona. In Arizona,
highest suction is obtained among the three regions according to the HYDRUS calculation. In
Louisiana, lowest suction is obtained at 2 m depth among the three regions. There are
fluctuations of water table throughout the year depending on temperature, precipitation;
evaporation etc. 2 depth was taken as observation point for three (3) cases.

Figure 5. 32 Variation of suction at 0.5 m depth
5.6.6 Comparison of Suctions in Cut-Off Walls in Louisiana, Arizona, and
Denver
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In Figure 5.32 the maximum suctions at 0.5 m depth in SB cut-off walls of Louisiana,
Denver and Arizona are 135 kPa, 142 kPa and 334 kPa respectively. In Figure 5.33 the
maximum suctions at 2.0 m depth in SB cut-off walls of Louisiana, Denver and Arizona
are 135 kPa, 137 kPa and 334 kPa respectively.

Figure 5. 33 Variation of suction at 2.0 m depth

In Figure 5.34 the maximum suctions at 6.0 m depth in SB cut-off walls of Louisiana,
Denver and Arizona are 103 kPa, 106 kPa and 295 kPa respectively.
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Figure 5. 34 Variation of suction at 6.0 m depth
In Figure 5.35 the maximum suctions at 10.0 m depth in SB cut-off walls of Louisiana,
Denver and Arizona are 17 kPa, 18 kPa and 21 kPa respectively.

Figure 5. 35 Variation of suction at 10.0 m depth
In Figure 5.36 there is no suction at 14.0 m depth only pressure. Maximum pressures at
14.0 m depth in SB cut-off walls of Louisiana, Denver and Arizona are 39 kPa, 38 kPa
and 39 kPa respectively.
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Figure 5. 36 Variation of suction at 14.0 m depth
5.6.7 Comparison of Volumetric Water Content in Cut-Off Walls in Louisiana,
Arizona, and Denver
Simulated results show that there is negligible amount of fluctuation in volumetric water
content in soil-bentonite cut-off walls. Soil-bentonite materials can hold water from long
period of time.

Figure 5. 37 Volumetric water content at 0.5 m depth
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Initial volumetric water content of soil-bentonite slurry material was 4.85 in all cases. In
Figure 5.37 the minimum volumetric water content at 0.5 m depth in SB cut-off walls of
Louisiana, Denver and Arizona are 0.4837, 0.4837 and0.4831 respectively. Figure 5.37
the minimum volumetric water content at 2.0 m depth in SB cut-off walls of Louisiana,
Denver and Arizona are 0.4839, 0.4839 and0.4833 respectively. Figure 5.38 the
minimum volumetric water content at 6.0 m depth (depth of initial water table) in SB cutoff walls of Louisiana, Denver and Arizona are 0.4843, 0.4843 and0.4838 respectively. It
seems there are negligible amount of water losses even though the observation points are
above the water table.

Figure 5. 38 Volumetric water content at 2.0 m depth
Initial volumetric water content of soil-bentonite slurry material was 4.85 in all cases. In
Figure 5.39 the minimum volumetric water content at 6.0 m depth in SB cut-off walls of
Louisiana, Denver and Arizona are 0.4837, 0.4837 and0.4831 respectively.
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Figure 5. 39 Volumetric water content at 6.0 m depth
Figure 5.40 the minimum volumetric water content at 10.0 m depth in SB cut-off walls of
Louisiana, Denver and Arizona are 0.4850, 0.4850 and0.4850 respectively.

Figure 5. 40 Volumetric water content at 10.0 m depth
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Figure 5. 41 Volumetric water content at 14.0 m depth
Figure 5.41 the minimum volumetric water content at 14.0 m depth in SB cut-off walls of
Louisiana, Denver and Arizona are 0.4850, 0.4850 and0.4850 respectively . It seems
there is no change in volumetric water content in cut-off walls at depths below the ground
water table.

Figure 5. 42 Variation of Hydraulic conductivity with matric suction
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Figure 5.42 show the variation of hydraulic conductivity with matric suction using vanGenuchten model. Maximum suction was 335 kPa at 0.5 m depth in Arizona climate in
HYDRUS model. With that suction hydraulic conductivity is ranging from 2x10-10 m/ sec
to 5x10-11m/sec. Specifically, hydraulic conductivities with varying suctions were
determined using van Genuchten equation.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Results from Tests and Models
This study was carried out with the objective to investigate the sustainability of a cut-off
wall. Simulations were carried out using HYDRUS software. The input data included
based on laboratory tests and climatic data. Soil-bentonite material characteristics were
determined using different laboratory tests: moisture content (ASTM D 2216-05), dry
density (ASTM D 4250) specific gravity (ASTM D 854-02), grain size distribution
(ASTM D 422), consolidation (ASTM D 2435-04), falling head permeability ( ASTM D
5084-03), SWCC etc. Primarily these tests were performed to characterize the material,
but some of the tests results were used as input parameters or HYDRUS. SWCC tests
were performed to determine water retention capacity of SB material and volumetric
water content at 33 kPa and 1500 kPa, because these two values of water content are
required as input in HYDRUS. As stated earlier in section 5.1, Consolidation tests were
performed to know the volumetric water content at 1500 kPA consolidation stress as an
alternative of 1500 kPa suction which is one of the input parameters in HYDRUS.
Experimentally, this 1500 kPa suction was not available at LSU geotechnical laboratory
at the time of this study. Even volumetric water content at 1500 kPa consolidation stress
was 0.26, but using van Genuchten equation volumetric water content at 1500 kPa
suction was 0.01, so there is lot difference. So finally the input data of volumetric water
content at 1500 kPa was taken using van Genuchten equation. Falling head permeability
tests were performed to determine saturated hydraulic conductivity (Ks) of SB material.
Consolidation tests were carried out to determine compressibility of SB material. Now
bulk density, percentage sand, percentage of silt, percentage of clay, volumetric water
content at 33 kPa, volumetric water content at 1500 kPa, saturated hydraulic conductivity
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(Ks) were given as input in HYDRUS. Climatic input data included precipitation,
temperature, evaporation for three (3) different climatic zone, such as Baton Rouge
(Louisiana), Denver (Colorado), Tucson (Arizona).
Soil hydraulic characteristics (water retention and hydraulic conductivity) are required for
many studies of water and solute transport in the near surface soil as well as deep strata.
Using HYDRUS results of different hydraulic properties for the model of the soilbentonite cut-off wall were obtained. Only drawback was that HYDRUS does not allow
selecting special types of materials such as bentonite and it does not have the code to
ascertain swelling property of bentonite. HYDRUS can compute unsaturated hydraulic
conductivity for any material if laboratory test data are given properly as inputs which are
% of sand, % of clay, % of silt, bulk density, and the volumetric water content at 33 kPa
and at 1500 kPa. Bentonite has high water retaining capacity and it increases the
volumetric water content and lowers permeability. But in none of tests volumetric water
content decreased below 0.01 even after applying 1536 kPa suction.
Three different geographical and climactic zones were taken to examine the performance
of cut-off wall. High arid region like Tucson, Arizona State should be coming with high
suction. In HYDRUS the model with Arizona climactic data gives values of suction close
to 335 kPA. Semi-arid region like Denver, Colorado climatic data were given to similar
model with similar boundary condition and the model gave suction value of 135 kPa
which was reasonably good to bring up the water in slurry wall to keep it saturated. In
Baton Rouge, Louisiana climate the cut-off models gave 110 kPA suction to a depth of
0.5 m from ground surface.
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From HYDRUS the values of volumetric water content with time were determined.
Results show that there is a minimal change of water content in three climatic regions.
Initial volumetric water content of soil-bentonite slurry material was 4.85 in all cases.
The minimum volumetric water content at 0.5 m depth in SB cut-off walls of Louisiana,
Denver and Arizona are 0.4837, 0.4837 and0.4831 respectively.
Fluctuating ground water table affects on long term sustainability of cut-off walls.
Variable head boundary condition denotes fluctuating ground water table in HYDRUS.
Due to fluctuation of ground water table, suction profile changes and water content
changes in SB cut-off walls. A SB material has high water retaining capacity, that‟s why
it can hold water for long period of time that controls contaminant to seep through to
useful lands.
6.2 Recommendations for Future Work
Simulation of hydraulic conductivity of SB materials in cut-off walls in fluctuating
ground water table is one of the parts of future works. As there is no modeling software
dealing with particular swelling property of bentonite, next generation should think about
special feature of bentonite clay in finite element software. GeoJac is good geotechnical
apparatus, but there should have been some geotechnical apparatus, which can
automatically compute the co-efficient of permeability at different suction.
Fredlund SWCC device does not have any strain gauge to measure a final thickness of
the specimen material at each suctions, there could be some apparatus which can help us
to compute void ratio at each particular suctions.
There are lots of things with SWCC which can be done in future in research field. It
should be examined how seasonal variation of climate in a particular region may change
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the suction, hydraulic conductivity and other hydraulic parameters of SB materials. SB
material from cut-off walls should be collected periodically with undisturbed condition,
and then those samples should be tested properly in laboratories. It is really hard to
maintain same properties with disturbed remolded samples, because water contents,
degree of saturations, void ratios, and densities may be changed with respect to actual
field condition.
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